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Abstract 
An asymmetric ceramic hollow fibre is proposed as a substrate for the development 
of a catalytic hollow fibre microreactor (CHFMR) and a catalytic hollow fibre 
membrane microreactor (CHFMMR). The ceramic substrate that is prepared using 
the phase inversion and sintering technique has a finger-like structure and a sponge-
like region in the inner region and the outer surface respectively. The finger-like 
structure consists of thousands of conical microchannels distributed perpendicularly 
to the lumen of ceramic hollow fibres onto which a catalyst is impregnated using the 
sol-gel Pechini method to improve a catalytic reaction. To further enhance the 
catalytic reaction, a membrane has been incorporated on the outer layer of ceramic 
hollow fibre. This study focuses on the use of palladium (Pd) and palladium/silver 
(Pd/Ag) membranes to separate hydrogen from reaction zones in the water-gas shift 
(WGS) reactions and the ethanol steam reforming (ESR) respectively. In the 
development of CHFMMR, the fabrication of Pd and Pd/Ag membranes is carried out 
prior to the catalyst impregnation process to avoid the dissolution of catalyst into 
the plating solution due to the presence of ammonia and ethylenediaminetetraacetic 
acid (EDTA). The catalytic activity tests show that the CHFMR, that does not have the 
Pd membrane on its outer surface, improves the carbon monoxide (CO) conversion 
compared with its fixed-bed counterpart. The presence of conical microchannels is 
expected to enhance the activities of the catalyst in the substrate. The 
incorporations of Pd and Pd/Ag membranes on the outer layer of ceramic hollow 
fibres enable pure hydrogen to be produced in the shell-side for both the WGS 
reaction and the ESR. The CHFMMR is used to remove one of the products enabling 
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the WGS reaction to favour the formation of product. It also facilitates the small 
amount of catalyst to be used to produce significant amount of hydrogen in the ESR. 
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Chapter 1: Introduction 
Chapter 1 describes the research background for hydrogen production, specific 
objectives for the main chapters and the structure and overview of this thesis 
 
1.1 Background  
Fossil fuels such as oil, coal, and natural gas are of great importance because they 
have been used as primary energy sources in various applications and constitute 
approximately 80 % of the global energy consumption [1]. Among these fossil fuels, 
oil has been utilised in an immense quantity in almost all types of vehicles due to the 
invention of internal combustion engine [2]. Coal and natural gas are more 
favourable as energy sources for the generation of electricity rather than the oil [3]. 
The combustion process using these fossil fuels releases massive volume of 
greenhouse gases such as carbon dioxide and NOx into the environment. The release 
of these gases from combustion process appears to be unresolved due to an 
increasing consumption of fossil fuels day by day. 
Efforts have been made to reduce the dependency on fossil fuel and at the 
same time, there is an increasing interest in using hydrogen as an alternative energy 
carrier. Nowadays, hydrogen has been widely discussed as a possible carrier of 
energy for various applications [4]. It has a great potential to be an environmental 
friendly energy vector especially in the fuel cell technology. Fuel cell that uses 
hydrogen as an energy source to generate electricity through a chemical reaction has 
been considered as a promising technology to replace the internal combustion 
engines [5]. The thermodynamic efficiency of fuel cell is much higher than that of the 
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internal combustion engines because it is not limited by the Carnot cycle [6]. Owing 
to this reason, this technology is currently undergoing rapid development for 
transport application [7]. 
Conventional hydrogen production uses hydrocarbons especially natural gas 
via steam reforming process which is carried out at high temperatures over active 
catalysts [8]. The advantage of this process in producing hydrogen is that it is less 
expensive. As the main effort of fuel cell is to decrease the use of fossil fuel, the use 
of hydrocarbons in the production of hydrogen for the fuel cell application has been 
an issue of serious concern. This problem can be resolved when there is a 
replacement of energy sources to produce hydrogen that can be obtained from 
renewable resources. To overcome the drawback of natural gas, ethanol that can be 
obtained from biomass can be considered as an alternative fuel for hydrogen 
production via the ethanol steam reforming (ESR) [9-11]. Although this process will 
generate carbon dioxide as one of the products, the release of this gas to the 
atmosphere will be less severe because it is originally adsorbed by the plants in 
photosynthesis process, thus there is no net increase in the amount of carbon 
dioxide in the carbon cycle [12]. 
Recently, there has been an interest to generate hydrogen in-situ as a 
portable source for fuel cell applications [11,13,14]. Ethanol that exists in the form of 
liquid at atmospheric temperature can be used as the fuel source to produce 
hydrogen. Typically, the product stream of ESR may contain significant quantity of 
carbon monoxide (CO) which produced via intermediate reactions in the ESR. This 
gas should be eliminated as it can poison the metallic catalytic sites thus hampering 
the performances of fuel cell. The presence of CO in the hydrogen stream for fuel 
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cell system can be eliminated using a membrane reactor in which hydrogen 
produced in this process can be separated from reaction zones. Using high selective 
membranes such as palladium (Pd) membrane, hydrogen obtained in the permeate 
side can be supplied directly to fuel cell system. In the presence of excess steam, CO 
that remains in the catalytic bed can be reduced using the water-gas shift (WGS) 
reaction. The use of Pd membrane to separate hydrogen facilitates the WGS reaction 
to shift its thermodynamic equilibrium towards product formation. This can lead to a 
complete conversion of CO and increase in the amount of hydrogen produced in the 
membrane reactor. 
 Typically, the membrane reactor for hydrogen production incorporates a 
packed-bed reactor and Pd membrane using a tubular ceramic substrate. The 
catalyst for a hydrogen generation reaction is packed in the lumen of the substrate 
while the Pd membrane is deposited on the outer surface of the substrate, or vice 
versa. However, the tubular ceramic substrate has a large diameter ranging from 10 
to 20 mm and may limit its application for portable applications. The diameter of the 
substrate for both membrane and catalyst should be reduced to allow the scaling up 
process to be done effectively. 
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Figure 1.1: Schematic diagram of the cross-section of ceramic hollow fibre substrate 
a) Sponge-like structure onto which Pd membrane is plated. b) Finger-like structure 
into which a catalyst is impregnated. 
  
In this study, an asymmetric ceramic hollow fibre prepared using the phase 
inversion and sintering technique is proposed as a novel substrate for both catalyst 
and Pd membrane. It has an outer diameter ranging from 1 to 2 mm which is smaller 
than conventional tubular substrate. Asymmetric ceramic hollow fibre has unique 
features to be used as a substrate for membrane reactor applications. As can be 
seen from Figure 1.1, the inner surface of this substrate consists of finger-like 
structure that is made of hundreds of conical microchannel distributed 
perpendicularly to the lumen. The conical microchannels act as microreactors which 
are expected to enhance the catalytic activity of catalyst impregnated on their 
27 
 
surface. The sponge-like region has narrow pore size distribution which can be used 
to facilitate the deposition of Pd membrane on the outer surface of asymmetric 
ceramic hollow fibre. Furthermore, the sponge-like structure has a small thickness 
that enables the Pd membrane to be located adjacent to the conical microchannel.  
This study focuses on the developments of a catalytic hollow fibre 
microreactor (CHFMR) and a catalytic hollow fibre membrane microreactor 
(CHFMMR) for hydrogen production. For the CHFMR, a catalyst for producing 
hydrogen is impregnated into the ceramic hollow fibre using the sol-gel Pechini 
method. The CHFMR can be used in the applications that suit the microreactor 
technology such as on-board hydrogen generation for small portable devices. The 
development of CHFMMR involves the incorporation of Pd membrane on the outer 
surface of CHFMR by using the electroless plating (ELP) technique. Similar to a 
conventional membrane reactor, the Pd membrane has a function to separate 
hydrogen from reaction zone. However, the smaller diameter of CHFMMR offers 
higher surface area/volume compared with the conventional membrane reactor. 
 
1.2 PhD Objectives 
The main objective of this work is to develop the CHFMR and CHFMMR using an 
asymmetric ceramic hollow substrate for hydrogen production. The WGS reaction is 
chosen as a sample reaction to investigate the advantages of this system to the 
catalytic reactions. Alumina hollow fibre is used as a microreactor substrate for the 
development of CHFMR and CHFMMR for the WGS reaction. The production of 
hydrogen from ethanol is carried out using the ESR. The yttria-stabilised zirconia 
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(YSZ) hollow fibre is used as a microreactor substrate suitable for the development 
of on-board hydrogen generation for portable device and transportation 
applications. This main objective has been achieved by completing the following 
specific objectives. 
 
i) To study the feasibility of using ceramic hollow fibre as microreactor substrate 
1. To study the effects of catalyst impregnation process using the sol-gel Pechini 
method on the physical properties of alumina hollow fibre such as surface 
area and porosity of alumina hollow fibres. 
2. To investigate the effects of sintering temperatures of alumina hollow fibre 
on the catalyst loading. 
3. To investigate the performance of CHFMR that used alumina hollow fibre as 
the substrate compared with a fixed-bed reactor. 
 
ii) To study the feasibility of the CHFMMR in hydrogen production using the 
WGS reaction 
1. To deposit Pd membrane on the outer surface of alumina hollow fibre 
substrate. 
2. To study the effect of the drying temperatures in the catalyst impregnation 
process on the catalyst loading. 
3. To study the effects of impregnation process on the permeability of alumina 
hollow fibres. 
4. To develop the CHFMMR using the (ELP) technique and the sol-gel Pechini 
method.  
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5. To study the performance of CHFMMR using the WGS reaction compared 
with the fixed-bed reactor and CHFMR. 
 
iii) To develop the CHFMR for on-board hydrogen generation using the ESR 
for portable device applications 
1. To investigate the effect of the catalyst impregnation process on pore size 
distribution and the BET surface area. 
2. To compare the performance of multiple units of CHFMR with fixed-bed 
reactors. 
3. To study the flow pattern in ceramic hollow fibre that can influence the 
mixing process of reactant in the finger-like structure. 
 
iv) To develop the CHFMMR for on-board hydrogen generation for vehicular 
applications 
1. To study the effects of impregnation process on the permeability of YSZ 
hollow fibres. 
2. To fabricate and characterise the Pd/Ag membrane on the outer surface of 
YSZ hollow fibre. 
3. To study the performance of CHFMMR using the ESR compared with the 
fixed-bed reactor and CHFMR. 
 
1.3 Thesis Structure and Presentation 
This thesis consists of 7 chapters discussing the developments of novel CHFMR and 
CHFMMR using asymmetric ceramic hollow fibre. The alumina and YSZ hollow fibres 
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fabricated using the phase inversion and sintering technique have been used as 
microreactor substrates. Figure 1.2 gives an overview of the structure of this thesis. 
 
 
Figure 1.2: Overall structure of the thesis. 
 
Chapter 1 states a brief introduction on the use of fossil fuel and the 
necessity to replace the available technologies with fuel cell that uses hydrogen, the 
specific objectives and an overview of the structure of this thesis.  
Chapter 2 reviews the WGS reaction and the ESR for hydrogen production 
including the development of the catalyst, the function of oxide supports and various 
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methods in synthesising catalysts. It also includes the efforts and innovations to 
improve the production of hydrogen in membrane reactors and microreactor 
technologies. At the end of this chapter, a brief review on the phase inversion 
technique is given for a clear picture of fabricating asymmetric ceramic hollow fibres 
and the fundamental theory on how finger-like voids can be formed. 
Chapter 3 discusses the feasibility study using alumina hollow fibre as a 
microreactor substrate in the development of CHFMR for the WGS reaction. A 
number of characterisations are carried out to study the uniformity of catalyst 
dispersion in alumina hollow fibres. A comparison study between a fixed-bed reactor 
and the CHFMR is carried out to compare the performance of both reactor designs in 
producing hydrogen via the WGS reaction.  
Chapter 4 explores the development of CHFMMR for the WGS reaction. The 
CHFMMR requires the incorporation of a catalyst and Pd membrane into a single unit 
of ceramic hollow fibres, which is a challenging approach because the plating process 
must be performed prior to the catalyst impregnation process. Various 
characterisations are carried out to study these two processes and suggestions are 
given to improve the development of CHFMMR. 
Chapter 5 discusses the use of multiple hollow fibres in the development of 
CHFMR for portable devices applications. Ethanol has been chosen as the fuel to 
produce hydrogen in the CHFMR. The performance of the CHFMR is compared with a 
fixed-bed reactor. An investigation of the flow patterns in the CHFMR is carried out 
to find the reasons why the asymmetric hollow fibre can give higher production or 
better conversion than the fixed bed counter-part. 
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A successful development of CHFMMR for the WGS reaction motivates an 
effort to use the CHFMMR for the ESR. Using the YSZ hollow fibre, Chapter 6 
discusses the development of CHFMMR for hydrogen production via the reforming 
of ethanol for vehicular applications. The fabrication process for this application is 
adopted directly from Chapter 4. Similar characterisation techniques have been used 
in Chapter 5 to study the plating process of Pd/Ag membrane and the catalyst 
impregnation process. 
Finally, Chapter 7 concludes the work in the development of CHFMMR and a 
number of suggestions are proposed so that future works and further improvements 
to this new technology can be carried out. 
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Chapter 2: Literature Reviews 
Chapter 2 reviews the development of catalyst, membrane reactors and microreactor 
technology for hydrogen production and the technique of fabricating asymmetric 
ceramic hollow fibre 
 
2.1 Water-gas Shift Reaction 
The water-gas shift (WGS) reaction is a simple chemical reaction in which CO reacts 
with H2O to form CO2 and H2. At the commercial level, the WGS reaction has been 
used to purify H2 stream from CO for the production of ammonia and hydrogenation 
reactions [1]. However, in the recent years, there has been a renewed interest in the 
low temperature WGS reaction for the application of fuel processing for the power 
generation that uses fuel cell technology [2,3]. In this application, the WGS reaction 
is employed to purify a H2 stream by removing a trace amount of CO that can 
deactivate anode catalyst, thus preventing the reduction in the performance of fuel 
cells [2,4-6]. 
The WGS reaction is a reversible process which favours low operating 
temperatures due to its exothermic nature (∆H = – 41 kJ mol-1) [7]. In the industrial 
processes to produce H2, the WGS reaction is typically carried out in multiple stages, 
i.e. the high temperature shift (HTS) is carried out at a temperature ranging from 340 
to 530 oC followed by the low temperature shift (LTS) at a temperature ranging from 
180 to 230 oC [7]. The aim of this approach is to take advantage of the high reaction 
kinetics at high operating temperatures and the shift of equilibrium conversion to 
reduce CO concentrations at low operating temperatures [8]. As a result, different 
types of catalysts have to be used for the HTS and LTS. The HTS process is typically 
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carried out using ferric oxide-based catalyst whereas the LTS process is carried out 
using a copper-based catalyst [8]. 
 
2.1.1 Catalysts for the low temperature WGS reaction 
The development of catalysts for the low temperature WGS reaction has received 
lots of attentions in the recent years. In industrial processes, copper oxide/zinc 
oxide–alumina (CuO/ZnO–Al2O3) has been employed for the low temperature WGS 
reaction since the early 1960s [9]. In this mixture, CuO in this composite act as an 
active phase for the WGS reaction, ZnO is used as an oxide support and alumina is 
added to improve the dispersion of CuO [9,10]. However, this catalyst has been 
reported as a poor option for portable and vehicular applications due to its 
insufficient durability and activities [5,8]. It has been reported that this catalyst will 
degrade when exposed to an oxygen-containing stream and requires long and 
complex activation steps before being able to be used for the WGS reaction [11-13]. 
Due to these reasons, a number of investigations have been carried out to produce a 
catalyst that can overcome the limitations of CuO/ZnO–Al2O3 catalyst. Continuous 
research on the development of a new generation of catalysts has been done to 
produce the WGS catalysts that exhibit high catalytic activities and structural 
stabilities during cyclical operation and storage [3]. These efforts have been 
motivated due to the fact that copper is an inexpensive metal and it shows high 
selectivity to H2 and thermal stability compared with platinum- and gold-based 
catalysts at low operating temperatures [14]. The catalytic activities of copper-based 
catalysts are affected by the synthesis routes, types of oxide supports and pre-
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treatment conditions [15]. Furthermore, these factors have been discovered to 
affect the growth of catalyst particle and active interfaces between metallic copper 
and oxide support [12]. 
Recently, studies have focused on the incorporation of copper on cerium 
oxide (CeO2) because CeO2 has been regarded as the most versatile support for 
copper-based catalyst [15-21]. It has been reported that copper has an exceptional 
catalytic activity when dispersed over CeO2 nanoparticles. The use of CeO2 
nanoparticles as an oxide support enables the formation of copper nanoparticles 
that has an ability to be reduced easily [9,12,22]. In addition, the distribution of 
copper on this oxide support facilitates the generation of active sites for the WGS 
reaction which involves the interaction between metallic copper nanoparticles 
[15,16]. The oxygen vacancies in CeO2 can be easily formed when copper that has 
smaller valency is capable to diffuse into the lattice structure of CeO2. 
An increase in the amount of copper on CeO2 has also been identified as a 
factor that can enhance the CO conversion in the WGS reaction [15]. Higher amount 
of copper contributes to higher dispersed capacity of CuO which can optimise the 
use of CeO2 as a metal support. The CuO/CeO2 catalyst has also been reported to 
have less deactivation problem [23]. 
 
2.1.2 Oxide supports for the WGS catalysts 
The development of a novel catalyst for the WGS reaction is affected by the nature 
of its active sites [3]. As the nature of active sites for this reaction on their oxide 
support is still being elucidated, a number of reports have been published discussing 
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the important role of the interaction between the active sites and the oxide support 
in affecting the catalytic activities of the catalyst [3]. The active site has a function to 
adsorb CO on its surface whereas an oxide support provides oxygen ions for CO 
oxidation. The regeneration process of oxide support occurs when H2O dissociates 
on the surface of oxide support leading to the formation of H2 [24,25]. This overall 
process is influenced by the redox properties of an oxide support, which is related to 
an ability to change its oxidation state under oxidising and reducing conditions 
[25,26]. This enables the oxide support to take up the oxygen ion under oxidising 
conditions and to release oxygen under reducing conditions. 
The redox properties of the oxide support can be improved by the addition of 
dopants into the lattice of oxide supports [27]. The incorporation of divalent or 
trivalent ions can be carried out to enhance the oxygen storage capacity of oxide 
supports [17]. Ozawa et al. have suggested that the addition of zirconium into the 
CeO2 lattice not only improves the storage of oxygen ions but also increases the 
release of oxygen ions from its surface and bulk lattice [28]. In addition to excellent 
oxygen storage capacity and stability, the incorporation of dopant can reduce the 
crystallite size of catalyst particles thus increasing the surface area of oxide supports 
[9]. Li et al. have discovered lanthanum-doped-CeO2 retained a crystallite size of 7 
nm and surface area ranging from 90 to 110 m2 g-1 even after calcinations at 650 oC 
[9]. 
So far, the co-precipitation method is a typical wet-chemical route to 
synthesize oxide supports for various chemical reactions [29]. This method involves 
the separation of a solid containing various ionic species from a solution phase and it 
can be used to obtain a metal oxide with nanosized particles [29]. However, there is 
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still a challenge to control the structure, texture and morphology of the oxide 
supports. Apart of the co-precipitation method, there are also a number of other 
approaches available to synthesize oxide supports for the WGS reaction such as the 
micro-emulsion, the urea combustion and the sol-gel methods. Using these 
approaches, oxide supports with different particle sizes and porosities can be 
obtained [17,21,30].  
The final step in the preparation of oxide support is a calcination process. This 
process involves an oxidation process of mixed oxide precursor and it is carried out 
at temperatures ranging from 500 to 1000 oC [30-32]. The heat treatment conditions 
are crucial because some of oxide supports are very sensitive to the calcination 
temperatures. As reported by Bunluesin, exceptional properties of CeO2 will diminish 
if it is subjected to calcination process at high temperatures [26]. This causes the 
sintering of CeO2 which results in the formation of large grain size particles. As a 
consequence, the CeO2-mediated pathway facilitating a reaction process disappears 
although the metal crystallite size remains unchanged [26,33]. This reduces the 
catalytic activity of a catalyst since the oxygen transfer property is critically 
important for CO oxidation. 
 
2.1.3 Preparations of copper-based catalysts 
Copper-based catalysts have been prepared using a number of routes since they may 
be less affected by their preparation method. The copper-based catalysts can be 
prepared using a simple incipient wetness impregnation that has been shown to 
produce an active catalyst for the low temperature WGS reaction as reported by Li 
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and co-workers [9]. It can also be prepared simultaneously with an oxide support 
using a number of methods such as co-precipitation, sol-gel method, urea-nitrate 
combustion method, and urea co-precipitation-gelation [15,17,22,34]. In fact, these 
approaches have been shown to improve the catalytic and physical properties of 
copper-cased catalysts. Tabakova et al. have demonstrated that the urea-nitrate 
combustion method could produce CuO/CeO2 catalysts with exceptional stability 
[17]. The enhancement in the catalyst performance has been attributed by various 
factors including an increase in surface area, total pore volume and redox properties 
of ceria [17]. 
 
2.1.4 Mechanism for the WGS reaction 
Burch has proposed the “universal mechanism” which suggests the formate 
species may most favourably be produced through the addition of an H to a CO in 
which both are adsorbed on a metallic particle as shown in Figure 2.1 [35]. However, 
the behaviour of these species changes at different operating temperatures. At high 
temperatures, desorption and/or decomposition of formate and carbonate species 
will be very fast especially in the presence of a high concentration of water.  Burch 
has further explained that under condition in which the surface of the catalyst is 
mainly in an oxidised state, it is expected that the redox mechanism will be dominant 
[35]. On the other hand, at lower temperature, where formate, carbonate or 
carboxylate species have a significant lifetime on the surface, the rate determining 
step will lead to the formation or decomposition of one or other of these species.  
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Figure 2.1: Proposed “universal mechanism” for the WGS reaction by Burch. Note H 
species attached to metallic particles are not intended to imply a stable species but 
simply a very transitory species that provides a route to spillover hydrogen and may 
be formed at surface defects or via assisted adsorption [35]. The routes of atomic 
movement in the cycle are explained in detail in Table 2.1. 
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Table 2.1: Explanations for the formation of products in the WGS reaction. 
Routes Explanations 
1 The cycle is started by the adsorption of CO onto the metallic particles 
which is in close contact with the oxide support. 
2 The CO is interacted with H species on the metallic particle and is moving 
to the oxygen vacancies on the oxide support 
3 The formation of formate species occurred on the surface of the oxide 
support 
4 The formate species is ready to receive H2O 
5 Hydrogen is released once the formate species interacted with H2O 
6 The carbonate species is formed on the surface which is later released as 
CO2. 
7 The catalytic sites is ready for next cycle of the WGS reaction 
8 The adsorption and desorption of H2O on the metallic particle 
contributing to the presence of transitory of H 
9 H2 may be formed due to the adsorption and desorption of H2O 
 
2.2 Ethanol Steam Reforming  
Ethanol has been regarded as an alternative source for producing H2 [36].  Unlike 
methanol, ethanol is less toxic and it can be obtained from renewable source such as 
biomass [37]. The most favourable method in the production of H2 is via the ethanol 
steam reforming (ESR) using various types of catalysts [38]. However, nickel-based 
catalysts have been widely used for this reaction because nickel is an inexpensive 
material and it has been reported to have an excellent catalytic activity for H2 
production [39]. A number of noble metals such as rhodium, ruthenium, platinum 
and palladium have also been used in the ESR and these metals are well known for 
42 
 
their exceptional catalytic activity [40]. However, high cost of these materials limits 
their applications in the ESR [40]. 
 
Table 2.2: Reaction pathways for the ethanol steam reforming [41-43]. 
Reaction Equation 
Sufficient steam supply C2H5OH + 3H2O  2CO2 + 6H2
a 
Insufficient steam supply C2H5OH + H2O  2CO + 4H2
b 
 C2H5OH + 2H2  2CH4 + H2O 
Dehydrogenation  C2H5OH  C2H4O + H2
c 
Acetaldehyde decomposition C2H4O  CH4 + CO 
Acetaldehyde steam reforming C2H4O + H2O  3H2 + 2CO 
Dehydration C2H5OH  C2H4 + H2O
d 
Coke formation C2H4  polymeric deposits (coke) 
Decomposition C2H5OH  CO + CH4 + H2
e 
 2C2H5OH  C3H6O + CO + 3H2 
 C2H5OH  0.5CO2 + 1.5CH4 
Reaction of decomposition products  
Methanation  CO + 3H2  CH4 + H2O 
 CO2 + 4H2  CH4 + 2H2O 
Methane decomposition CH4  2H2 + C 
Methane steam reforming CH4 + H2O  CO + 3H2 
 CH4 + 2H2O  CO2 + 4H2 
Methane dry reforming CH4 + CO2  2CO + 3H2 
Methanation and dry reforming 2CO + H2  CH4 + CO2 
Boudouard reaction 2CO  CO2 + C 
Water-gas shift (WGS) reaction CO + H2O  H2 + CO2
f 
a Ideal pathway, the highest hydrogen production 
b Undesirable products, lower hydrogen production 
c Reaction pathways for hydrogen production in practice 
d Undesirable pathway, main source of coke formation 
e Coke formation, low hydrogen production 
f Reducing coke formation and increasing hydrogen production 
 
The ESR is an endothermic reaction in which the ethanol conversion increases 
with temperature [44]. Thermodynamic analysis has shown that the ethanol 
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conversion is higher than 99 % at the temperatures as low as 227 oC [45]. The ESR 
may produce theoretically the maximum production of 75 mol.% of H2 and 25 mol.% 
of CO2 when the feed molar ratio of H2O/EtOH is increased to 3/1 [46]. However, the 
actual product compositions in a reformer are different from the theoretical value 
due to the presence of multiple intermediate reactions such as dehydration, 
dehydrogenation, decomposition and decarbonylation reactions [47]. These 
intermediate reactions may occur based on the interaction of H2O and ethanol on 
the surface of solid materials and different reaction conditions [48]. 
Various reaction pathways for the ESR have been proposed in the literature. 
However, none of these sources give similar reaction pathways probably because 
different operating conditions and reaction temperatures used during catalytic 
activity tests. Table 2.2 summarises the possible reaction pathways that appear in 
the ESR. 
 
2.2.1 Catalysts for the ESR 
To date, research has been focused on the preparation of ESR catalyst with an 
exceptional catalytic activity and stability. The selection of catalysts for this reaction 
is mainly influenced by the cost of materials. Therefore, a more economical metal 
such as nickel is favoured to be used although a number of studies have reported 
that this metal suffers from coke formation and metal sintering that can lead to 
performance degradation during a long term operation [47]. Nevertheless, nickel is 
still regarded as an alternative option rather than the noble metals for H2 production 
via the ESR. The problems associated with coke formation and metal sintering can be 
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overcome by the addition of alkaline species to the ESR catalyst to enhance the 
interaction between the intermediate species and metallic nickel [36]. In addition, 
nickel has been reported to have a speciality to induce C–C and C–H ruptures and to 
facilitate the generation of H2 from hydrogen ions in the hydrogenation step 
[43,44,47].  
 Studies on the ESR catalysts also focus on the use of bimetallic species to 
facilitate the formation of intermediate reactions during the ESR. Carrero et al. have 
proposed that copper should be added into the nickel based-catalysts because this 
metal has higher catalytic activity to perform the WGS and dehydrogenation 
reactions compared with nickel [36]. Meanwhile, Valant et al. have incorporated 
nickel into Rh/Y2O3-Al2O3 to increase H2 yields in the reforming of raw bio-ethanol 
which normally has a trace of impurities [49]. They state that nickel in the Rh-
Ni/Y2O3-Al2O3 catalyst has a function to improve the stability and accessibility of 
rhodium which lead to higher H2 yields. 
 
2.2.2 Oxide supports for the ESR catalysts 
An oxide support has been known to influence the catalytic activity of the ESR 
catalyst [39,40,47]. It has been used to improve the dispersion of metallic 
components that act as an active site responsible for the ESR and enhance an 
interaction between active phase and the oxide support. Various oxide supports 
have been studied for the ESR but this section will discuss briefly the use of alumina 
and CeO2 in the development of ESR catalyst. 
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 Alumina is widely used as an oxide support for the ESR due to its good 
mechanical and chemical resistance [46]. However, this metal oxide that has strong 
acidic sites tends to cause carbon deposition on its surface because it favours the 
formation of ethylene through the hydration of ethanol [37,47]. This problem can be 
reduced by incorporating additives or promoters into alumina to increase the 
adsorption of H2O and to improve the mobility of hydroxyl group [46]. Typically, 
alkaline metals have been used mostly as a promoter to neutralise the acidity of 
alumina. 
 As discussed in 2.1.1, CeO2 has been used extensively in the WGS reaction to 
facilitate the oxidation of CO. It has been known to possess high oxygen storage 
capacity and this desirable characteristic has been used to alleviate the coke 
formation in the ESR [37,38]. Although this metal oxide has high oxygen mobility due 
to the present of surface oxygen vacancies, CeO2 with high surface area is favoured 
to be used as a catalyst support for the ESR catalyst [44]. CeO2 with a high surface 
area contributes to an excellent catalytic activity of nickel in the ESR and it also 
shows higher resistance toward carbon deposition compared with CeO2 that has low 
surface area [50]. In addition, the solid solution of CeO2 and nickel has been 
discovered to possess hydrogen reservoirs [40]. The anionic vacancies formed during 
an activation treatment under H2 atmosphere enable them to receive and store 
hydride species formed during the ESR. 
 The performance of oxide supports can be enhanced by the addition of 
dopants. Typically an alkaline metal or an alkaline earth metal is chosen to be 
incorporated with a metal oxide for the ESR [36]. This step is crucial especially for an 
oxide support that has acidic sites, i.e. alumina, so that the coke formation can be 
46 
 
suppressed [46]. Apart from preventing the formation of coke, the addition of 
dopants from alkaline metal group such as potassium and lithium has been found to 
enhance the catalyst stability by depressing the sintering of nickel [36]. Meanwhile, 
calcium and magnesium have been reported to promote the formation of less 
ordered carbon that is easy to be removed by gasification during the ESR [46]. 
 
2.2.3 The preparations of ESR catalysts 
The preparation step has been considered as a crucial part to obtain the ESR catalyst 
with a high catalytic activity [40]. This step has significant effects on the interaction 
between active sites and their oxide support which can influence the final properties 
of ESR catalyst such as reducibility, resistance to thermal sintering and metallic 
dispersion [40].  
 The incipient wetness impregnation and co-precipitation methods are 
favourable for preparing the ESR catalysts [36-38,43,44,47-49]. The impregnation 
method is rather easy which only requires the impregnation of oxide support with 
metal nitrate solution prior to the drying and calcination steps. On the other hand, 
the co-precipitation method involves a mixing process in which the metal nitrates for 
both active sites and oxide support are mixed together prior to the addition of 
alkaline precipitation agents, such as NaOH, and this process is continued until the 
pH of solution increases to 8 to 9 [29]. The homogeneity of the ESR catalyst using this 
approach can be enhanced by reducing the flow rate of precipitation agents into the 
aqueous solution. 
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 The ESR catalysts with exceptional catalytic activities can be also prepared 
using the sol-gel method. Wu and William produced nano-Ni/SiO2 catalyst using a 
simple sol-gel method and they have reported that this method contributes to 
excellent Ni dispersion with a high BET surface area [51]. They also compare the 
catalytic activities of nano-Ni/SiO2 catalysts that is prepared using the sol-gel method 
and the incipient wetness impregnation. Their studies show that the wet 
impregnation method lead to a broader particle size distribution and poorer nickel 
dispersion compared with the sol-gel method which may cause the Ni/SiO2 catalyst 
to deactivate easily. 
 
2.3 Membrane Reactor for Hydrogen Production 
Typically, the production of chemical compounds is carried out using a conventional 
reactor, in which the reactants is fed to reactor columns to obtain products through 
either a single step reaction or multiple reaction paths. Typically, the reaction 
products consist of a number of chemical species and the purification of desired 
products is performed by various conventional approaches such as gas absorption 
columns and the pressure swing adsorption (PSA). The purification process can also 
be carried out using a membrane reactor technology which has been recognised as a 
versatile approach to obtain chemical products with high purities. 
A membrane reactor can be fabricated by the incorporation of a highly 
selective membrane into a fixed-bed catalyst, so that the desired product produced 
through a series of chemical reactions can be separated simultaneously. In general, 
membrane reactor technology has been shown to provide various advantages over 
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the conventional reactor technology including a removal of one of the reaction 
products to ensure the reaction path favours product formation, a concentrated 
product stream at the membrane outlet, a reduction in the amount of catalyst 
required and elimination of unnecessary downstream processing which results in a 
smaller footprint of chemical plant [52,53]. 
 
2.3.1 Membrane for hydrogen separation in membrane 
reactors 
Various researchers use the palladium (Pd) membrane in the production of high 
purity H2. This metallic membrane with a high permeability and an infinite selectivity 
toward H2 can be prepared using the electroless plating (ELP) technique [54,55]. It 
has been considered as a versatile approach to obtain a dense Pd membrane. To 
improve the robustness and permeability of Pd membrane, silver (Ag) is dispersed 
into the matrix of Pd membrane by alloying process which requires the membrane to 
be treated in an H2 atmosphere at temperatures ranging from 500
 to 600 oC [56,57]. 
Palladium membrane can also be prepared using the cold-rolled technique [52,58-
61]. It has been reported that this approach produces Pd/Ag membrane that can be 
used in a membrane reactor up to several months to separate H2 from a reaction 
zone [52]. The membrane reactor that uses this Pd/Ag membrane exhibits complete 
H2 selectivity, high H2 permeability and a conversion up to 100 %. This technique 
involves the use of the cold-rolled technique using a four-high mill with front and 
back tension to reduce the thickness of Pd or Pd-alloy foils to the desired 
characteristics of mechanical strength and surface finishing [52]. This process is 
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followed by an annealing process that uses H2 at 1200 
oC for 2 to 3 hours under 100 
kPa. 
Although Pd-based membranes have shown an excellent performance as a H2 
selective membrane, high price of this metal may not be suitable for 
commercialisation. Therefore, attempts have been made to use ceramic material as 
well for H2 selective membrane in the development of membrane reactor for H2 
production [53,62-66]. Silica has been regarded as an alternative ceramic material to 
be used in this application. Brunetti et al. have reported that the silica membrane 
enables an increase in the CO conversion at temperature above 250 oC [65]. 
Battersby et al. have developed a cobalt silica membrane that has an excellent 
selectivity producing H2 with 95 % purity at the shell side [53]. Compared with 
palladium, silica is an inexpensive material and it has an excellent stability at higher 
temperatures to be used for longer operating period. 
A high performance silica membrane can be developed using the sol-gel 
method [53,62,63]. However, silica membrane has poor hydrothermal stability due 
to the presence of silanol group on the membrane surface [53,63]. Various attempts 
have been made to alleviate problems related to the instability of membrane in the 
presence of H2O. A heat treatment can be carried out on the silica membrane to 
reduce the surface hydroxyl group and the addition of organic and inorganic 
precursors can be carried out at early preparation steps, which later carbonise at 
high temperatures, to improve the structural stability of silica matrix [63]. 
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2.3.2 Membrane reactor designs 
Typically, a tubular packed bed configuration is chosen to develop membrane 
reactors for the WGS reaction due to its simplicity and efficiency. Using this 
configuration, the membrane used for H2 separation can either be inserted inside 
the catalyst bed or deposited on the outer surface of tubular substrates. Tosti et al. 
have developed a simple tubular membrane reactor for the WGS reaction to study 
the effect of the preparation of Pd/Ag membrane on the permeation of H2 and the 
CO conversion [52]. Barbieri et al. have used a tubular ceramic substrate to develop 
an innovative configuration by modifying the location of Pd/Ag membrane in the 
membrane reactor to create a concentration gradient of H2 across the membrane 
without the use of sweep gas [67]. 
Membrane reactors for the WGS reaction can also be developed using a flat-
sheet configuration. It offers a simple set-up that is suitable for studying the effects 
of reaction conditions on the CO conversion and H2 permeability. Battersby et al. 
have used this configuration to develop a module that can be used either as a 
membrane reactor in or a packed bed reactor to study the effect of reaction 
conditions on the low temperature WGS reaction and to study the performance of 
metal doped silica membrane [53]. 
In the development of membrane reactors, the catalyst bed is packed 
adjacent to the membrane so that H2 produced during a reaction can be separated 
simultaneously. Bi et al. have suggested that a catalyst bed plays an important role in 
the separation of H2 from reaction zone [55]. They discover that a reduction in the 
thickness of the catalyst bed can minimize the mass transfer resistance. If the 
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permeation rate of H2 is low due to mass transfer resistance, the advantages of the 
membrane is suppressed and performance of membrane reactor will be similar to 
the conventional fixed-bed reactor. 
 
 
Figure 2.2: Conceptual scheme of (upper part) ethanol membrane reformer and 
(lower part) the water-gas shift membrane reactor [60]. 
 
To date, membrane reactors have been shaped into more efficient designs to 
further enhance their performances in producing and separating H2. Manzolini and 
Tosti have used membrane reactors for the ESR and the WGS reaction in which 
different catalysts for each reaction are packed into a different module shown in the 
conceptual scheme in Figure 2.2 [60]. The ESR is carried out in the primary 
production of H2 whereas the WGS reaction is carried out in the purification unit. In 
both cases, each tubular membrane has a dead-end configuration. In the ethanol 
membrane reformer, the hot gases have to be supplied in this system because the 
ESR is an endothermic reaction. However, in the WGS reaction, the heat released 
due to the exothermic nature of the WGS reaction is used to maintain the 
temperature of the system so that the separation of H2 using the Pd/Ag membrane 
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can be done effectively. A high concentration gradient between reaction zones and 
permeate side facilitates the permeation of H2 through the Pd/Ag membrane for 
both cases.  
Similar approach has been performed by Tosti et al. to further increase the 
amount of H2 produced in the ESR as shown in Figure 2.3 [58]. However, these 
researchers separate the catalysts for the ESR and the WGS in different columns. The 
ESR is firstly carried out in a reformer followed by the WGS reaction in the second 
column. The separation of H2 using Pd/Ag membranes occurs in the second column 
in which H2 produced using those two reactors is removed from reaction chambers. 
This approach is attractive but it should be noted that efforts have been made to 
develop ESR catalysts that can perform the WGS reaction as well. A bimetallic 
catalyst has been prepared using the doping process which incorporates an active 
catalyst for the WGS reaction such as copper into the ESR catalyst. 
 
Figure 2.3: Catalysts for the production of H2 were packed in separated columns in a 
membrane reactor [58]. 
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Figure 2.4: Catalysts are packed on the lumen side to further purify CO that 
permeates through ceramic membrane [64]. ECR and ECRW are represented by 
ethanol reforming-catalytic membrane reactor and ethanol reforming-catalytic 
membrane reactor with water–gas shift reaction respectively. 
 
An innovation of reactor design has also been focused on the membrane 
reactor that uses a ceramic membrane. Yu et al. have developed a membrane 
reactor system that include the platinum-Degussa P25 in the permeate side 
functioning as a catalyst for both the methane reforming and the WGS reaction 
shown in Figure 2.4 [64]. This innovative approach has been made due to presence 
of CO and CH4 in the permeate side because the selectivity of ceramic membrane 
towards H2 is still lower compared with Pd-based membrane that has been shown to 
have infinite selectivity towards H2. Low concentration of CO in the permeate side 
enables the product stream to be connected directly to the anode feed gas of the 
proton exchange membrane fuel cell (PEMFC). 
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2.3.3 Operation of membrane reactors 
Pressure has been considered as a crucial operating parameter because it influences 
directly the concentration gradient of the desired product between reaction zones 
and permeates sides. Pressure has no effect on the WGS reaction but it has a 
positive effect on H2 separation in a membrane reactor. High pressure applied on a 
reaction zone facilitates H2 permeation and therefore forces a reaction towards 
product formation. The separation H2 from a reaction zone can further be enhanced 
using a sweep gas, in which an inert gas is introduced to the shell side to remove H2 
and consequently extend the concentration gradient across the membrane. The use 
of the sweep gas is fairly critical especially for the membrane reactor that has a long 
reactor length because an insufficient concentration gradient tends to cause a 
membrane reactor to behave in similar way to a conventional fixed-bed reactor. It 
has been reported that the sweep ratio higher than 10 enables a complete 
separation of H2 from reaction zones [67]. 
 Barbieri et al. have proposed an innovative design of membrane reactor for 
the WGS reaction in which the membrane reactor does not require the use of the 
sweep gas to enhance the removal of H2 from reaction zone [67]. An innovative 
arrangement on a membrane reactor is made by placing the Pd membrane on the 
second part of the membrane reactor as shown in Figure 2.5. The packed-bed zone 
at the first part of membrane reactor can provide H2 so that the permeation occurs 
in the membrane reactor due to higher H2 partial pressure. The feed pressure in the 
reaction zone can be increased as well to further enhance the permeation of H2. On 
the other hand, pressure has a negative effect on the performance of the ESR that 
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carried out in a membrane reactor due to Le Chatelier’s principle although it can give 
a positive influence on the permeation of H2. However, Iulianelli et al. have 
discovered that a reduction in ethanol conversion can be oppressed by further 
increasing the feed pressure to remove H2 from the reaction zone, which enabling 
the reaction path to favour product formation [61]. 
 
 
Figure 2.5: Configuration of membrane reactor developed by Barbieri et al. [67]. 
 
The conversion of reactants in the WGS reaction and the ESR is also 
influenced by the relative direction between permeate and retentate streams which 
are typically known as the co-current mode and counter-current mode. Various 
studies have shown that the counter-current mode enables higher H2 recovery 
compared with the co-current mode in the wide range of operating conditions for 
various reaction systems [59,61,68,69]. However, the counter-current mode does 
not always give a higher ethanol conversion in the ESR compared with a membrane 
reactor operated using the co-current mode [69]. 
 The space velocity of reactants can be a factor that influences the conversion 
of reactant. The dependence of conversions on the space velocity is caused by 
catalysts that are packed in a similar way as in a conventional packed-bed reactor. 
Therefore, a reduction in the space velocity may help to increase reactant conversion 
as well as the separation of H2 from the reaction chamber [53-55,67,70]. Low space 
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velocity enables reactants to have a longer contact time with catalysts, which is 
beneficial for generating more H2. This leads to higher concentration of H2 in the 
reaction zone which helps to create a vast concentration gradient across the 
membrane. 
 The use of an excess reactant in a membrane reactor can be considered as a 
practical approach to enhance conversion thus increasing H2 production. In the WGS 
reaction and the ESR, the amount of H2O can be increased so that the complete 
conversion can be obtained [53,63,71]. An increase in H2O content probably gives an 
insignificant effect on Pd-based membrane but for ceramic membranes especially 
silica membranes, an excess amount of H2O lead to a reduction in the permeation of 
H2 to the shell side [63]. H2O that is adsorbed on the outer surface of the silica 
membranes because of hydrophilic nature of silica reduces the pore size of silica 
membranes and consequently limits the diffusion of H2 molecules to permeate 
through the membrane via the molecular sieving mechanism [63]. 
 
2.4 Microreactor Technology 
A microreactor or a microstructured reactor is defined as a device in which a 
chemical reaction takes place in confinements with lateral dimensions below 1 mm 
[72]. It consists of three-dimensional structures with inner diameter ranging from 10 
to 100 μm *73+. The internal volume of microreactor can range from below 1 μL up 
to several μL and its specific surface area lies between 10,000 and 50,000 m2 m-3 
[73]. These features can increase the conversion and selectivity of heterogeneous 
reactions and minimize the formation of undesired secondary products. 
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Microreactor technology can also give other advantages that cannot be offered by 
conventional packed-bed reactor such as [73-76]:  
1. Fast heating and cooling of reaction mixtures in open reactor system. 
2. Mixing times can be reduced down to several milliseconds. 
3. Process parameters such as pressure, temperature, residence time and flow 
rate can be controlled easily. 
4. Hazard potentials of strongly exothermic and explosive reactions can be 
reduced drastically. 
 Owing to the advantages of a microreactor aforementioned, this technology 
can be used as an engineering tool for discovering crucial information in the research 
and development of catalytic reactions in a safe way and short time [73]. A number 
of chemical reactions, such as Wittig, Knoevenagel and Aldo, have been carried out 
using microreactor and in most cases showed improved results [73]. 
 
2.4.1 Material selection for microreactor fabrication 
2.4.1.1 Metal substrate 
Aluminium is a common metal that has been used to develop a microreactor. 
Typically, the electrical discharging machining (EDM) technique has been used to 
form microchannels with different dimensions on aluminium surfaces [77]. The 
fabrication of microchannels should be carried out diligently so that problems such 
as pressure drop, poor adhesion between a catalyst and its support and microreactor 
design with poor mechanical strength can be avoided. The microreactor that uses 
aluminium as its substrate usually undergoes an additional surface treatment to 
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obtain a thin alumina layer for the catalyst impregnation process [75]. This step is 
crucial so as to increase the surface area of microchannels and to improve the 
adhesion of catalyst on microchannel surfaces thus increasing catalyst loading. The 
formation of alumina which can be used as a catalyst substrate, on the surface of 
microchannel can be carried out using the anodization technique [77]. This surface 
treatment involves the use of acidic solution and power supply to enable the growth 
of alumina in the inner surface of microreactor substrate [77]. The voltage needs to 
be chosen carefully to obtain adherent alumina layers [77]. 
 Although aluminium can be shaped easily for the development of 
microreactors, it has a low melting point that prevents this metal from being used 
for high temperature applications [77]. A problem related to the diffusion of metallic 
atoms which can alter the properties of catalysts can also happen if a metal that is 
commonly used as active sites for catalysts, such as nickel and copper, is used as a 
microreactor substrate [78]. It has been reported that the diffusion of nickel from 
the substrate of metallic nickel occurred at uncovered spots, probably at edges and 
corners, thereby changes the properties of catalysts [78]. This reduces the catalytic 
activity and promotes the selectivity of undesired products. 
 
2.4.1.2 Ceramic substrate 
Ceramic has been regarded as an alternative material to be used for fabricating 
microreactors that can be used in applications that involve high temperatures or 
corrosive materials. However, ceramic materials cannot be shaped easily to form 
microchannels due its brittleness nature. Very few microreactor designs have been 
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fabricated using ceramic although this material has various advantages compared 
with the metallic substrate. However, Knitter and Liauw have successfully developed 
gas-tight microreactors using a ceramic material which can be operated at 1000 oC 
under atmospheric pressure without additional sealant [74]. In their study, oxidative 
coupling of methane and isoprene selective oxidation to citraconic anhydride have 
been performed successfully in the ceramic microreactor confirming the suitability of 
this material to be used as the microreactor substrate at elevated operating 
temperature. 
 
2.4.1.3 Glass substrate 
In addition to metal and ceramic, glass has also been used in microreactor 
technology [79-81]. It has transparent property which enables reactions in a 
microreactor can be inspected visually [81]. Various reactions can be performed in a 
microreactor reactor developed using this material. However, production methods 
are limited to highly corrosive reagents such as hot alkaline solution, hot hydrofluoric 
acid and hot phosphoric acid [81]. Various methods, such as sand blasting and wet 
etching using hydrofluoric acid, have been used to fabricate microchannel on a glass 
surface [81]. The fabrication process is relatively cheap and does not require clean 
facilities. 
 
 
 
60 
 
2.4.2 Deposition of catalyst support for microreactor 
applications 
The deposition of catalyst support onto the surface of microchannels is a crucial step 
in the development of microreactors. Various coating techniques have been carried 
out to provide a porous structure suitable for the catalyst impregnation process. This 
process must be supervised, otherwise the microchannels may be clogged and can 
cause significant pressure drop. 
 
2.4.2.1 Alumina coating 
Alumina has been widely used as a catalyst support for various catalytic reactions. 
Alumina layer can be obtained using the anodization technique but it is limited to 
the microreactor that uses aluminium as a substrate. Furthermore, this approach 
provides alumina layers with a low specific surface area compared with alumina 
powder and pellets. To obtain alumina coating without a physical change on a 
microchannel substrate, the deposition-precipitation of supersaturated aluminate 
solution has been proposed [79]. Belochapkine et al. have explained in detail the 
impregnation process of Al(OH)3 on a microreactor substrate which involves the 
dissolution of aluminium in NaOH and later undergoes the deposition-precipitation 
process at lower temperature for 40 hours [79]. The deposition-precipitation of 
supersaturated aluminate solution requires nucleation centres. This study shows 
that the glass that has been fired after a machining process gives poor adhesion due 
to the absence of surface roughness [79]. However, a 50 µm alumina layer can be 
obtained on the glass surface that does not undergo a firing treatment confirming 
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that the roughness surface can act as a nucleation centre for the deposition 
precipitation of Al(OH)3 [79]. 
 
2.4.2.2 Zeolite coating 
Zeolite has been reported to possess a unique pore structure which can be used as a 
catalyst support for miniature devices [82-84]. The deposition of zeolite into 
microchannels by injecting a zeolite suspension followed by a calcination process has 
been carried out but this approach has a number of drawbacks that reduce greatly 
the performance of microreactor [83]. This conventional technique can be replaced 
using a covalent linker that can be used to enhance the deposition process of zeolite 
on the wall of microchannel. Hongli et al. used 3-aminopropyltrimethoxysilane as a 
“bridge” to bind zeolite nano-particles onto the microreactor substrate [83]. In this 
process, the alkoxysilane linkers are attached on the stainless steel surface through 
its active groups and CH3 groups will bind the surface hydroxyl groups on the zeolite 
surface [83]. Thin zeolite layers on microchannels reduce pressure drop and provide 
a large surface area to volume ratio which offer excellent contacts between 
reactants and a catalyst. 
 
2.4.2.3 Carbon coating 
Carbon is another common support in catalysis with broad variety of applications but 
very few works focus on the use of carbon coating in the microreactor technology 
[85]. The carbon coating can be carried out by carbonisation of polymers that have 
been deposited previously on the microchannels and the amount of carbon is 
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influenced by the composition of monomer in the presence of pore forming liquid 
[86]. The furfuryl alcohol is used as monomers and the polymerization process is 
performed using nitric acid. The impregnation of liquid carbon precursor can be 
accomplished by dip-coating technique [86]. Carbon layers can be obtained after 
carbonisation process at 550 oC under an inert condition and the porous structure 
can be developed by calcination process at 350 oC, which should be performed after 
the carbonisation process [86]. 
 
2.4.3 Catalyst impregnation process 
This process has been considered as a crucial step in the development of 
microreactor. The catalyst can be packed directly into the microchannels, adopting 
the catalyst deposition technique that is usually applied for the packed-bed reactor, 
but this approach will cause severe pressure drop and poor heat transfer across a 
catalyst bed which can lead to unacceptably non-uniform temperature distributions 
[77]. Therefore, the formation of catalyst layers of microchannel walls with 
acceptable thickness has been used for microreactor applications. This enables heat 
to be transferred through channel walls and isothermal condition can be achieved. 
 Wash-coated technique has been widely used to deposit catalyst on the inner 
surface of microreactors [75,85]. In this approach, catalyst powder is mixed with a 
binder and a solvent, typically ethanol and H2O, to form a colloidal mixture. The 
dispersion of catalyst powder and a binder can be enhanced either by applying 
stirring or sonications. This process can be carried out using a ball milling technique 
as well to produce low viscosity slurry so that thin catalyst layer can be formed on 
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the walls of microchannel [87-89]. The slurry is allowed to dry on the microchannel 
before being calcined in an oven at 500 oC [89]. 
 Incipient wetness impregnation can also be used for impregnating a catalyst 
for microreactor application. However, this approach requires an oxide support that 
should be placed on the microchannel walls prior to the catalyst impregnation 
process using the incipient wetness impregnation technique [77]. Typically, a catalyst 
solution in form of metal nitrate is used to impregnate the catalyst on an oxide 
support prior to the drying process and calcination step and it can be repeated to 
obtain desired catalyst loading. This approach is rather easy and simple but it has 
been reported that this technique usually produced large catalyst particles reducing 
the performances of a catalyst on the microchannels. 
 The sol-gel method has also been used for the catalyst impregnation process 
in microreactor channels.  Using this approach, the catalyst preparation step and 
impregnation process can be combined and the dispersion of catalyst into 
constricted microchannels can be done successfully. Agrafiotis et al. have compared 
the efficiency of sol-gel coating and washcoat technique to impregnate catalysts in a 
honeycomb substrate [90]. However, these researchers found out that both 
approaches give low catalyst loading at first attempt of impregnation and multiple 
steps are required to obtain a significant thickness of catalyst on the wall of 
honeycomb substrate. 
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2.4.4 Microreactor designs 
A microreactor typically has thousands of microchannels with a channel diameter 
ranging from 50 to 1000 μm and a length between 2 cm and 10 cm, which is 
somewhat different from a conventional fixed-bed reactor [85]. A reduction in 
channel diameter enables microreactors to operate under laminar flow conditions 
[85]. It also leads to small diffusion distances in a gas phase which promotes a 
reduction in diffusion resistances [77]. A reduction in diffusion resistances can also 
be achieved by reducing the length of microreactor [91]. Hwang et al. have reported 
in their study that the operation of microreactor for partial oxidation is strongly 
influenced by channel length [89]. The CO conversion can be maintained at the 
highest level by reducing channel length which significantly increases the gas hourly 
space velocity (GHSV) and reduces the reverse WGS reaction. 
 Liu and Roy have studied the effects of microchannel geometry on the 
distribution/dispersion of reactants on catalyst surface [92]. They discovered that in 
a square-shape microchannel reactant distribution at a corner area is different from 
the flat wall area. This case may never appear in the circular-shaped microchannels 
which provide a uniform catalyst surface for reactants to spread over [92]. The use of 
microchannels with uniform inner surface also reduces the presence of stagnant 
liquid phase, which is usually found at sharp edges of microchannels. These authors 
also investigate the effect of channel diameter on the performance of microreactor. 
A significant improvement in microreactor performance can be obtained by reducing 
the diameter of square-shaped-microchannels from 2 to 1 mm, if the catalyst is well-
dispersed on microchannel surface. However, a reduction in the diameter of circular-
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shaped microchannels results in an insignificant increase in the performance of 
microreactors. If the channel diameter is reduced to such a small value and the 
catalyst is well-dispersed on the microchannels, the shape of the microchannel will 
give an insignificant effect on chemical reactions. 
 The microchannel surface can be modified to form segmentations and 
cavities and these structures can give significant advantages for chemical reactions in 
microcombustion applications [85,93]. Segmentations and cavities have been used 
to enhance the resident time of reactants and radical mixtures, which are generated 
from the upstream catalyst segments, by providing a low velocity zone to promote 
homogeneous reactions [93]. Using computational flow dynamic (CFD), Li et al. have 
showed methane is completely consumed in a short distance and the flame anchor 
moves downstream under the high velocity condition in the microchannel with 
multi-segment catalyst and cavities [93]. From these results, they conclude that the 
dimension of microchannel can be further reduced due to the advantage of 
segmentations and cavities and this enables a small amount of catalyst to be used. 
 
2.5 Asymmetric Ceramic Hollow Fibre as a Microreactor 
Substrate 
As discussed earlier, ceramic materials have various advantages in the microreactor 
technology. However, ceramic materials which are often brittle in nature hinder the 
development of ceramic microreactor with various shapes and dimensions. Recently, 
asymmetric ceramic hollow fibre fabricated using the phase inversion and sintering 
technique has been proposed as a microreactor substrate [94]. This substrate 
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consists of finger-like structure and sponge-like region which can be found in the 
inner region and outer surface respectively. The finger-like structure is made up of 
hundreds of conical microchannels distributed perpendicularly to the lumen as 
shown in Figure 2.6.  
 
 
Figure 2.6: The cross section of a) YSZ and b) alumina hollow fibre used in 
microreactor applications. 
 
The advantages of conical microreactor on chemical reactions have also been 
discovered by Fu and Pan, who study the effect of microchannel geometry on the 
mixing process during a chemical reaction [95]. They have demonstrated the effect 
of microchannels with uniform, converging and diverging microchannels on a 
neutralisation reaction involves sulphuric acid and sodium bicarbonate.  As can be 
seen from Figure 2.6 and Figure 2.7, there is a similarity in the shape between the 
diverging microchannel with the finger-like structure in the ceramic hollow fibre. 
From their study, they have discovered that the diverging give higher production rate 
compared with uniform and converging microchannels based on the presence of CO2 
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bubble during reaction tests. They expect that the diverging microchannel enhances 
the diffusion of reactants which leads to higher production rate.  
 
 
Figure 2.7: The geometry of microchannel used by Fu and Pan to study the effect on 
microchannel shape on mixing process a) uniform microchannel, b) converging 
microchannel and c) diverging microchannel [95]. 
 
2.5.1 The fabrication of asymmetric ceramic hollow 
fibre 
The phase inversion technique has a versatility to produce various microstructure of 
ceramic hollow fibre [96]. Asymmetric structure with wide range of finger-like length 
and symmetric structure with sponge-like structure can be produced using this 
method. Figure 2.8 shows the photographic images of ceramic hollow fibres which 
have been prepared using the phase inversion technique. In the development of 
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microreactor using ceramic hollow fibre, symmetric structure is unfavourable to be 
used in the microreactor applications. The cross-section of symmetric hollow fibre 
that consists of 100 % sponge-like structure is expected to increase mass transfer 
resistance across the substrate and it has limited free volume for an enhancement in 
the mixing process. 
 
 
Figure 2.8: a) The asymmetric and b) symmetric structures of ceramic hollow fibre 
prepared using the phase inversion and sintering technique. 
 
In general, the fabrication of ceramic membranes using phase inversion 
technique involves three major steps as listed below [96,97]; 
1. Preparation of homogeneous ceramic particle solution that consists of dry 
powder, solvent, binder and additives. 
2. Shaping process which transforms the homogeneous ceramic particle 
solution into hollow fibre geometry. 
3. Consolidation of ceramic particle using sintering process at high temperatures 
to achieve ceramic particles with high packing density to obtain an excellent 
mechanical strength. 
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It has been reported that the structure and morphology of ceramic hollow 
fibre substrate are influenced greatly by the preparation of uniform ceramic particle 
suspension and the shaping process to transform the ceramic suspension into a 
specific geometry [97]. The development of finger-like structures during the 
fabrication of ceramic hollow fibre membrane has been studied extensively by Wei 
and Kingsbury using two different ceramic systems [96,97]. Wei and Kingsbury in 
their respective studies relate the formation of finger-like structure during the 
fabrications of yttria stabilised zirconia (YSZ) and alumina hollow fibre with the 
viscous fingering phenomenon which occurs at the interfaces between two fluids 
with different viscosities in the first moment of mixing [96,97]. Water is commonly 
used as a non-solvent to create a steep concentration gradient at interface adjacent 
to the ceramic suspension which leads to an increase in the local viscosity and 
precipitation of polymer phase. When the suspension is in contact with non-solvent, 
a steep concentration gradient leads to solvent/non-solvent exchange, which results 
in a rapid increase in the local viscosity and finally precipitation of the polymer 
phase. However, due to instabilities at the interface between the suspension and the 
non-solvent there is a tendency for viscous fingering to occur initiating the formation 
of finger-like voids. The relative thickness of finger-like and sponge-like regions 
greatly affects the properties of the ceramic hollow fibre such as mechanical 
strength and permeation flux. Therefore, it is essential that fibre morphology can be 
controlled so that it may be tailored to specific applications. 
 Kingsbury states that the formation of finger-like voids requires a certain 
length of time to enable the viscous fingering phenomenon to occur completely until 
it reaches a maximum viscosity [96]. A high flow rate of non-solvent with a long air 
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gap enables extensive growth of finger-like structure from inner fibre surface which 
results in the formation of long finger-like voids [96]. An increase in the flow rate of 
non-solvent leads to a wide extent of concentration gradient between ceramic 
solution and non-solvent and it can sustain for a long period of time which results in 
an increase in the length of finger-like voids and in the degree of non-solvent 
diffusion into hollow fibre cross-section. On the other hand, the concentration 
gradient between ceramic solution and non-solvent diminishes at low flow rates of 
coagulant and this will greatly interrupt the growth of finger-like voids [96]. Likewise, 
a short air gap cause the concentration gradient to be eliminated very quickly and 
the growth of finger-like void originated from the lumen of hollow fibre is again 
limited [96].  
To obtain asymmetric ceramic hollow fibre, the sintering process is carried 
out on its precursor [96]. The sintering process involves three principal stages which 
including pre-sintering, thermolysis and final sintering. The pre-sintering is a heating 
process at temperature up to 200 oC which is used to remove moisture in the 
precursor. Low heating rate is used for this process to avoid the formation of cracks 
due to the expending vapour within the ceramic hollow fibre precursor. Thermolysis 
is a process that involves the degradation of polymer binder which is usually carried 
out at 600 oC for several hours. Sufficient amount of oxygen is required so as to 
hinder the deposition of carbon on the ceramic surface. Meanwhile, the final 
sintering involves the fusing of smaller ceramic particles to form strong and larger 
ceramic particles. A robust ceramic hollow fibre can be prepared when certain 
amount of time is provided to enable the sintering process between ceramic 
particles. 
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2.6 Conclusions 
Initially, hydrogen is produced industrially for various chemical processes such as the 
production of ammonia and methanol, hydrogenation processes and cryogenic 
purposes. However, due to environmental threat caused by abundant release of CO2, 
there is an increasing interest to use hydrogen in fuel cell for various applications as 
a replacement of fossil fuels. The reactor technology for hydrogen production also 
experiences a tremendous change when there is a desire to have simplified 
production processes to improve the conventional approach. Technologies such as 
microreactors and membrane microreactors have been focussed not only for 
industrial purposes but for on-board hydrogen generation which can be used in 
portable applications. Ceramic hollow fibre membrane has been proposed as a 
substrate for these applications because of various advantages such as high surface 
area/volume ratio, suitable for high temperatures application and low cost 
production. 
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Chapter 3: Alumina Hollow Fibre as 
a New Microsubstrate 
Chapter 3 discusses the development of alumina hollow fibres as new micro support 
for gas phase catalytic reaction 
 
Abstract 
Alumina hollow fibres fabricated using the phase inversion technique followed by 
sintering process at different temperatures have been used in the development of a 
novel catalytic hollow fibre microreactor (CHFMR). The impregnation of the water-
gas shift (WGS) catalyst onto the inner surface of alumina hollow fibres is carried out 
using the sol–gel Pechini method. A number of characterisation techniques such as 
XRD, BET, mercury porosimetry and SEM–EDS analysis have been used to 
characterise the substrate before and after impregnated with the catalyst. The 
catalytic activity tests have been performed under atmospheric pressure and at 
temperatures ranging from 200 to 400 oC to study the performance of CHFMR in 
comparison with a fixed-bed reactor. The dispersion of the catalyst within the 
alumina hollow fibres is strongly influenced by the sintering temperatures which has 
a direct effect on the surface chemistry of the substrate. The CO conversion 
increases up to 20 % when the WGS reaction is carried out in the CHFMR compared 
with the fixed-bed reactor. The finger like structure of alumina hollow fibres (Dp = 10 
µm) acts as microchannels improving mass transfer and the mixing of reactant 
during the WGS reaction. 
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3.1 Introduction 
In recent years, there has been much interest in the application of structured 
microreactor for catalytic reactions due to various advantages offered by this new 
technology i.e. high surface-area/volume ratio, high heat and/or mass transfer and 
low pressure drop [1]. The microreactor technology has received a lot of attention to 
be further developed, hoping that it will be able to replace the conventional packed-
bed reactor which is still used for various catalytic reactions and still encounters a 
number of drawbacks such as high pressure drop and low surface area/volume [2].  
There have been a number of studies focussing on the design aspects of the 
microreactor and its effects on catalytic reactions. Hwang et al. have developed a 
parallel multi-channelled microreactor for preferential CO oxidation and they also 
investigated the effect of microreactor dimensions on the CO conversion and the 
selectivity of CO2 [2]. Dupont et al. have compared the performance of 
microstructured reactors and fixed-bed reactor through two case studies which 
involve chemical reactions that are typically used in the hydrogen production and 
purification [3]. They reported that the features of microstructured reactors together 
with operating conditions can improve the rate of hydrogen production. Ganley et al. 
have developed an aluminium-anodized microreactor for the decomposition of 
ammonia [4]. The performance of their micro-reactor is influenced by the geometry 
of the microreactor whereas the catalyst impregnation process is influenced by the 
surface area of the microreactor substrate. 
Typically, the surface of microchannels is unable to provide sufficient specific 
surface area for the catalyst impregnation process that is crucial for various catalytic 
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reactions [5]. However, the specific surface area of the channel walls can be 
enhanced using chemical treatments and the application of porous coating [2-4,6-
10]. For the chemical treatment of channel walls, this approach has been used to 
form an oxide support, particularly alumina, using a high temperature treatment 
which involves the oxidation of aluminium surface. For the application of porous 
coating, the wash-coating method and the sol–gel technology have been used widely 
to provide a porous substrate in the inner surface of microreactor.  
The deposition of catalysts in the microchannels of microreactors might 
cause a high pressure drop across the microreactor system [5,6,11]. To avoid 
problems related to randomly packed beds, Horny et al., Yuranov et al. and Bae et al. 
have developed unique structured catalytic beds in their respective studies [12-14]. 
Horny et al. have developed a microstructured string reactor to perform the 
oxidative steam reforming of methanol [12]. They showed that this design provides a 
laminar flow with narrow residence time distribution and a low pressure drop 
throughout the catalyst bed. Yuranov et al. have developed a grid microreactor using 
a metallic grid for one-step benzene to phenol transformation with N2O [13]. The 
catalyst in the grid microreactor shows a multifunctional behaviour, not only as a 
catalyst but also as a heat exchanger, reactant mixer and particulate removal. Bae et 
al. have developed a tape microreactor for natural gas and gasoline-type fuels 
reforming at a very high space velocity [14]. They discovered that this microreactor 
offers a nearly five-fold reduction in catalyst weight and volume compared with a 
pellet catalyst. 
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Figure 3.1: The schematic representation of the CHFMR for hydrogen production 
using the WGS reaction. 
 
In this study, the catalytic hollow fibre microreactor (CHFMR) for gas phase 
catalytic reactions is developed using alumina hollow fibres fabricated using a phase-
inversion technique followed by a sintering process. The phase-inversion process 
which occurs during the dry-wet spinning enables the development of asymmetric 
structure in alumina hollow fibres. This structure consists of a sponge-like region at 
outer surface of alumina hollow fibre and a porous finger-like structure in the inner 
region shown in Figure 3.1. The presence of microchannels in the finger-like 
structure enables this ceramic hollow fibre to be used as a novel microsubstrate for 
various catalysts used in gas phase reactions [15]. The inner region of alumina hollow 
fibres that have high porosity formed during solvent-non-solvent exchange process 
increases the geometric surface area of this microreactor.  
86 
 
The water-gas shift (WGS) reaction has been chosen as a sample reaction to 
study the performance of the CHFMR compared with fixed-bed reactors. The 
10wt%CuO/CeO2 catalyst has been selected as a catalyst for the WGS reaction. The 
sol-gel Pechini method is used to impregnate the catalyst onto the inner surface of 
the alumina hollow fibres [16]. Alumina hollow fibres sintered at different 
temperatures ranging from 1350 and 1450 oC have been used as a substrate for the 
development of CHFMR. This study also investigates the effects of the sintering 
temperature on the dispersion of catalyst and the catalyst loading, which is related 
to the surface chemistry and porosity of the alumina hollow fibre respectively. 
 
3.2 Experimental Works 
3.2.1 Materials 
Alumina powders with 1 µm (alpha, 99.9 % metal basis, surface area 6 – 8 m2 g-1), 
0.05 µm (γ-α, 99.5 % metal basis, surface area 32 – 40 m2 g-1) and 0.01 µm (γ-α, 
99.98 % metal basis, surface area 100 m2 g-1) (Alfa Aesar, a Johnson Matthey 
Company), polyethersulfone (Radal A300, Ameco Performance, USA), N-methyl-2-
pyrrolidone (HPLC grade, Rathbone) and Arlacel P135 (Polyethyleneglycol 30-
dipolyhydroxystearate, Uniqema) were used in the fabrication of alumina hollow 
fibre using the phase inversion based spinning technique. 
Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O, ≥99.0 %, Fluka Analytical), 
cupric nitrate (Cu(NO3)2·3H2O, 99.0 %, Acros Organic), ethylene glycol (≥99 %, Acros 
Organic) and citric acid (≥99.0 %, Sigma–Aldrich) were used to prepare a 
homogeneous catalyst solution using the sol–gel Pechini method. 
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3.2.2 Preparation of alumina hollow fibre 
The preparation of alumina hollow fibre has been carried out by a member of our 
researcher group, Dr. Benjamin Kingsbury and his fundamental study in the 
fabrication process can be found elsewhere [17]. In the preparation of the alumina 
hollow fibre, Arlacel P135 (1.3 wt%) was dissolved in the N-methylpyrrolidone (NMP) 
solution before the addition of alumina powders (58.7 wt%) with different particle 
sizes (0.01 µm: 0.05 µm: 1 µm) at a ratio of 1:2:7. The suspension was then rolled 
with 20 mm agate milling balls for 48 hours and the milling continued for further 48 
hours after the addition of polymer binder (6.1 wt%). The suspension was degassed 
to remove air bubble before being transferred into a stainless container. The 
spinning process was carried out by extruding the suspension through a tube-in-
orifice spinneret (OD = 3 mm, ID = 1.2 mm) into an external coagulant with an air gap 
of 15 cm. Deionised water was used as the internal coagulant at flow rate ranging 
from 10.2 to 37.2 cm3 min-1. The extrusion rates of the suspension and the flow rate 
of the internal coagulant were accurately monitored and controlled by syringe 
pumps (PHD 2000 Programmable, HARVARD APPARATUS). The alumina hollow fibre 
precursors were left in the external coagulation bath overnight to enable the 
completion of phase-inversion process before being cut and dried at room 
temperature. Alumina hollow fibres were obtained at different sintering 
temperatures (1350 oC, 1400 oC and 1450 oC) by sintering its precursor using the 
ELITE tubular furnace. The temperature was increased from room temperature to 
600 oC at a rate of 2 oC min-1 and held for 2 hours, then to 1000 oC at a rate of 5 oC 
min-1 and held for 2 hours and finally at a target temperature at a rate of 5 oC min-1 
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and held for 4 hours. The temperature was then reduced to room temperature at a 
rate of 5 oC min-1. 
 
3.2.3 Impregnation of catalyst into alumina hollow fibre 
The preparation of the 10wt%CuO/CeO2 catalyst which has a Cu/Ce ratio of 
0.19/0.81 was carried out using the sol–gel Pechini method. In the catalyst solution 
preparation, 22.71 g of Ce(NO3)3·6H2O (99.0 % Fluka Analytical) and 3.80 g of 
Cu(NO3)2·3H2O (99 % Acros Organic) were dissolved firstly in 50 cm
3 deionised water. 
Citric acid (99.0 % Sigma–Aldrich) was added when the metal nitrates dissolved 
homogeneously in the solution. The molar ratio between citric acid and metal ions 
was 2:1. When citric acid was fully dissolved, ethylene glycol was added into the 
solution and the ratio between citric acid and ethylene glycol was fixed at 1:1.2.  
Before the catalyst impregnation process, alumina hollow fibres were 
wrapped with the polytetrafluoroethylene (PTFE) tape to avoid a catalyst deposition 
on their outer surface. A homogeneous catalyst solution was injected into the lumen 
of alumina hollow fibres using a glass pipette. This process was repeated a number 
of times until finger-like voids were considered totally filled with the solution. The 
alumina hollow fibres impregnated with the catalyst solution were dried in an oven 
(Salvislab Thermocenter) at 60 oC for 24 hours. The drying process was continued at 
115 oC for 2 hours. The alumina hollow fibres, with xerogel formed during the drying 
process, were calcined in tubular furnace (Vecstar Furnaces, VCTF/SP) at 400 oC in a 
50 cm3 min-1 flowing air for 1 hour. The amount of catalyst impregnated inside the 
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inner surface of alumina hollow fibres was determined by measuring the weight of 
alumina hollow fibres before and after the deposition and calcination steps. 
 
3.2.4 Characterisations  
3.2.4.1 BET surface area 
Surface characterisation of the alumina hollow fibre before and after the catalyst 
impregnation process was carried out using N2 adsorption at – 196.15 
oC. An 
automatic TriStar 3000 volumetric system was used to obtain the gas adsorption 
isotherms. Prior to N2 adsorption, the alumina hollow fibre were broken into 
sections of approximately 3 mm in length. The BET model was used to obtain the 
specific surface area.  
 
3.2.4.2 Mercury porosimetry analysis 
The pore size distribution of alumina hollow fibre before and after the catalyst 
impregnation process was measured using mercury porosimetry before and after the 
catalyst impregnation process. Mercury intrusion data were collected under absolute 
pressures ranging from 1.38 × 103 Pa and 2.28 × 108 Pa (0.2 to 33,000 psia) with an 
equilibrium time of 10 s (Micromeritics Autopore IV). The alumina hollow fibres were 
broken into sections of approximately 3 mm in length prior to mercury intrusion 
analysis.  
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3.2.4.3 Scanning electron microscopy 
The morphology of alumina hollow fibre was observed using the scanning electron 
microscope (SEM, JEOL JSM-5610LV). Alumina hollow fibres were snapped to get a 
cross-sectional fracture. The samples were then placed onto a metal holder and later 
coated with gold under vacuum for 3 min at 20 mA. The SEM images of alumina 
cross-sections were recorded at different magnifications. 
 
3.2.4.4 Energy dispersive X-ray spectroscopy 
Elemental surface mapping analysis with an energy dispersive X-ray spectroscopy 
detector (EDX, INCA Energy by Oxford Instruments) was performed on the alumina 
hollow fibre after the catalyst impregnation process to study the distribution of the 
10wt%CuO/CeO2 catalyst within the cross-section of alumina hollow fibres. The 
sample preparation procedure was similar to the SEM analysis. 
 
3.2.4.5 X-ray diffraction 
The X-ray diffraction (XRD) analysis was performed to observe the presence of 
copper and cerium after an impregnation process and to study the crystalline phases 
(pure or mixed metal oxides) formed after the calcination process. The samples were 
ground to small particles before XRD measurements. The XRD measurements were 
performed with an x’celerator detector, soller 004 rad (X’Pert PRO model) and a Cu 
x-ray tube with Kα radiation (λ = 154.2 pm) in a wide angle range (from 10 to 80 in 
2θ). 
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3.2.4.6 Catalytic activity tests in CHFMR and fixed-bed 
reactor 
In the fabrication of CHFMR, the outer surfaces of the alumina hollow fibres were 
coated with a thin and a gas tight layer of white glaze except the central part of 
approximately 5 cm. The catalyst impregnation process into the CHFMR was similar 
to the technique discussed in section 3.2.3. The catalyst loading in the CHFMR was 
determined by measuring the weight of alumina hollow fibre before and after the 
catalyst impregnation process. Two units of CHFMR were assembled in a module and 
catalytic activity tests were carried out using the catalytic activity set-up as shown in 
Figure 3.2. 
 
 
Figure 3.2: The catalytic activity set-up to test the catalytic activity of the 
10wt%CuO/CeO2 catalyst in the CHFMR and the fixed-bed reactor. 
 
The catalytic activity tests of the CHFMR were carried out using two distinct 
configurations, the dead-end configuration and the open-both-end configuration as 
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shown in Figure 3.3a and 3.3b respectively. The dead-end configuration forced the 
reactant to permeate through finger-like structure and sponge-like region whereas 
the open-end configuration enabled the reactants to flow through the lumen of 
alumina hollow fibres. Both configurations, the dead-end and the open-end, gave 
similar CO conversions showing that the open-end configuration used to examine 
the catalytic activity enabled the reactants to reach the 10wt%CuO/CeO2 catalyst on 
the inner surface of alumina hollow fibres.  
 
 
Figure 3.3: The configuration, a) the dead-end configuration and b) the open-both-
end configuration, used to test the catalytic activity in the CHFMR. 
 
To study the effect of the finger-like structure on the WGS reaction, alumina 
hollow fibres impregnated with 10wt%CuO/CeO2 catalyst were ground into powder 
to eliminate the finger-like structure before being mixed with alumina powder (dp ~ 
100 µm). The catalyst and its mixture were packed later into 6 mm ID ceramic tube. 
The packed-bed length was approximately 24 mm and the pressure drop across the 
bed was negligible. To study the difference in performance between the fixed-bed 
reactor and the CHFMR, the amount of 10wt%CuO/CeO2 catalyst in the fixed-bed 
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reactor was fixed at 30 mg which was approximate to the total amount of catalyst 
impregnated in the CHFMR. 
The catalytic activity tests in the fixed-bed reactor and the CHFMR were 
carried out under atmospheric pressure at temperatures ranging from 200 to 400 oC. 
The feed mixture contained CO (1.3 cm3 min-1) and water vapour. The water vapour 
was obtained by flowing argon through a glass bubbler that contained deionised 
water heated at 60 oC. The mole ratio of water vapour to CO was kept at 1.0 
throughout the catalytic activity test. The WGS reactions were carried out at a space 
velocity of 48,000 cm3 g-1 hr-1 and the total flow rate was 24 cm3 min-1. The 
concentration of the products was analysed by gas chromatography (Varian-3900) 
equipped with a thermal conductivity detector. The separation was performed with 
a Porapack Q column with argon as the carrier gas. In all cases, the catalytic activity 
in the WGS reaction was expressed by the conversion of CO. 
CO conversion (%) %100
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3.3 Results and Discussion 
3.3.1 Alumina hollow fibre 
Alumina hollow fibre has been chosen as a ceramic substrate for the development of 
CHFMR. This substrate that has been fabricated using the phase inversion and 
sintering technique offers an advantage by providing ceramic support. Furthermore, 
its porosity can be adjusted without sacrificing its mechanical strength. Through 
phase inversion technique, alumina hollow fibres can be tailored into an asymmetric 
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structure that provides a microreactor feature, which has been known to give 
significant advantages to the catalytic activity for gas-phase catalytic reactions. 
 
 
Figure 3.4: a-b) SEM pictures of the cross-section of alumina hollow fibre at different 
magnifications after sintered at 1450 oC. c) Schematic representation of the conical 
microchannel in the finger-like region in the alumina hollow fibre. d) Photographic 
images of a set of bare alumina hollow fibres prepared using the phase inversion 
based spinning technique followed by the sintering process. 
 
 Figures 3.4a and 3.4b show the SEM images of the cross section of alumina 
hollow fibres at different magnifications. The alumina hollow fibres typically have an 
asymmetric pore structure which consists of a sponge-like structure in the outer 
region (approximately 20 % in length) and a porous finger-like structure in the inner 
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region (remaining 80 %) [15]. The opening of the finger-like structure (Dp = 10 µm), 
which is larger than the micropores in the sponge-like region (Dp = 0.1 – 0.2 µm), 
enables the alumina hollow fibre to be used as a substrate for 10wt%CuO/CeO2 
catalysts in the development of the CHFMR. The relationship between the thickness 
of the finger-like and the sponge like regions imparts the alumina hollow fibres with 
sufficient mechanical strength while retaining high gas permeability. 
The finger-like structure is made up of hundreds of conical microchannels 
distributed perpendicularly to the lumen of alumina hollow fibre as can be clearly 
observed in Figure 3.4b. Every microchannel can be described as having a circular 
cross-section, the radius of which increases from approximately 10 µm at the bottom 
to approximately 50 µm at the top and a total length of approximately 400 µm, as 
schematically represented in Figure 3.4c. This exceptional structural feature enables 
the alumina hollow fibres to be used as an extremely efficient substrate in a catalytic 
micro-reactor design. 
A set of alumina hollow fibres fabricated using the phase inversion followed 
by sintering at high temperature is shown in Figure 3.4d. Their tubular geometry, 
along with their small outer diameter (OD = 2.0 mm) enable this substrate to be used 
as a substrate for industrial applications by developing alumina hollow fibre 
modules. In addition, alumina hollow fibres with a length as short as 5 cm can retain 
their structural and physical properties and increase their range of use as catalytic 
substrates for microscale applications such as on-board hydrogen generation. 
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3.3.2 Impregnation of catalyst into alumina hollow fibre 
A conventional approach such as wet impregnation technique has been used 
successfully to disperse a catalyst in small microchannels in the development of 
microreactor technology. However, it is unlikely for the 10wt%CuO/CeO2 catalyst to 
be dispersed uniformly in the inner surface of alumina hollow fibres using this 
method. The entrance of finger-like structures, which has small openings as 
discussed previously, inhibit the slurry of catalyst particles prepared using wet-
impregnation technique from entering the finger-like structure. Therefore, in this 
study the sol-gel Pechini method has been chosen as an alternative approach to 
disperse the 10wt%CuO/CeO2 catalyst into the inner surface of alumina hollow 
fibres. The objective of the approach is rather similar to the incipient wetness 
impregnation. The idea of using a water-based catalyst solution to disperse the 
catalyst is inspired by the fact that a dilute catalyst solution has the ability to 
penetrate into constricted microchannels without the necessity to use pressure to 
enable the catalyst distribution to be carried out effectively.  
In this study, the alumina hollow fibres were sintered at different 
temperatures to study the effect of sintering temperatures on the catalyst 
impregnation process. Typically, heat treatment is a crucial step to produce ceramic 
substrate with acceptable mechanical strength but the hydroxyl group in most 
ceramic materials are easily suppressed during heat treatments [18]. In the 
fabrication of alumina hollow fibre, γ-alumina undergoes a phase change to α-
alumina during heat treatment. It has been reported that α-alumina structure has 
less surface hydroxyl group and less hydrophilic than its γ-alumina counterpart [18]. 
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The impregnation of the 10wt%CuO/CeO2 catalyst is carried out without surface 
treatment to restore hydroxyl group on the surface of alumina hollow fibre although 
a phase change in alumina may occur during the sintering process. Therefore, the 
effect of sintering temperatures on the catalyst impregnation process is discussed in 
this section. 
XRD analysis is used to examine the presence of cerium and copper in fresh 
catalyst and after being impregnated into alumina hollow fibre. The XRD spectrum 
for the fresh 10wt%CuO/CeO2 catalyst is shown in Figure 3.5a. In general, the broad 
XRD peaks indicate the formation of 10wt%CuO/CeO2 nanoparticles results from the 
use of low calcination temperature during the catalyst preparation step. Figure 3.5a 
also shows the presence of cubic fluorite CeO2 and monoclinic CuO reflection peaks 
in the 10wt%CuO/CeO2 catalyst. However, the result shows the absence of a peak 
that represents a metallic copper phase. It is expected that the metallic copper 
phase usually appears during the WGS reaction due to the presence of CO and H2, 
which have been regarded as strong reducing agents. Besides, the low intensity of 
monoclinic CuO peaks can be attributed to the following phenomena: the CuO 
particles are highly dispersed on the CeO2 [19], the copper is interacting with the 
CeO2 forming a solid solution Cu–Ce–O [20] or by a combination of both, occurring at 
the same time. 
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Figure 3.5: The XRD spectra a) fresh 10wt%CuO/CeO2 catalyst, prepared by the sol-
gel Pechini method, after a calcination process in air at 400 oC for 1 hour. Alumina 
hollow fibre (b) before and (c) after deposited with the 10wt%CuO/CeO2 catalyst. 
 
Figure 3.5b shows the XRD spectrum of alumina hollow fibre before being 
impregnated with the 10wt%CuO/CeO2 catalyst. The sharp peaks appeared in the 
alumina hollow fibre sample are resulted from the high sintering temperatures used 
in the sintering process which causes an increase in the grain size of alumina. The 
peaks that represent CeO2 can still be seen due to the large amount of CeO2 used in 
the preparation of the catalyst as shown in Figure 3.5c. However, peaks that 
represent the monoclinic CuO cannot be observed in the alumina hollow fibre 
impregnated with the 10wt%CuO/CeO2 catalyst. 
The pore size distributions and specific surface areas of the alumina hollow 
fibres, sintered at different temperatures, before and after the catalyst impregnation 
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processes were studied using BET and mercury porosimetry. Figure 3.6 and Table 3.1 
represent the pore size distribution and the specific surface area before and after 
the catalyst impregnation process respectively. Figure 3.6a shows two distinguish 
differences in the pore size distributions in the alumina hollow fibres sintered at 
different temperatures, which corresponding to the sponge-like structure (Dp = 0.1 – 
0.2 µm) and to the entrances of the finger-like structures (Dp = 10 µm). As can be 
seen, the pore size distributions for the entrance of finger-like structures and the 
sponge-like region remains constant with increasing sintering temperature 
suggesting that the sintering temperature used in this study is still low to cause 
densification of alumina particles [15]. The pore size distribution in the sponge-like 
region decreases after the catalyst impregnation process showing that the 
micropores are partially filled by the catalyst. However, the results in Table 3.1 
shows that the presence of the catalyst in the sponge-like region and finger-like 
structure leads to an increase in the specific surface area of alumina hollow fibre. 
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Figure 3.6: Mercury porosimetry of the alumina hollow fibres for a) alumina hollow 
fibres sintered at different temperatures and for alumina hollow fibres before and 
after catalyst deposition at b) 1350 oC, c) 1400 oC and d) 1450 oC. 
 
Table 3.1: Pore size distribution and specific surface area of alumina hollow fibres 
before and after the catalyst impregnation process. 
T(oC) Before catalyst impregnation After catalyst impregnation 
Pore size (µm) SBET  
(m2 g-1) 
Pore size (µm) SBET  
(m2 g-1) Sponge Finger Sponge Finger 
1350 0.14 9.19 4.1±0.1 0.08 8.83 13.3±0.1 
1400 0.15 9.16 3.1±0.1 0.08 8.81 9.7±0.1 
1450 0.15 8.98 2.2±0.1 0.09 8.81 7.1±0.1 
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The results of BET surface area and porosimetry analysis suggest the sol-gel 
Pechini method enables the catalyst impregnation process to be carried out through 
the constricted opening of alumina hollow fibres. However, the catalyst 
impregnation process is influenced by the sintering temperature of the substrate. 
Figure 3.7 shows the difference in the catalyst loading in alumina hollow fibres 
sintered at different temperatures. Higher amount of catalyst can be impregnated 
when the alumina hollow fibre is sintered at 1350 oC compared with that of at 1450 
oC. The differences in catalyst loading between alumina hollow fibres sintered at 
different temperatures can be explained based on the difference in the BET surface 
area. As can be seen in Table 3.1, alumina hollow fibre sintered at 1350 oC has higher 
surface area compared with that of 1450 oC. It is expected that the substrate with 
high surface area enables more catalyst particles to be impregnated onto its inner 
surface. 
 
 
Figure 3.7: Catalyst loading in the alumina hollow fibre sintered at different 
temperatures.  
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Figure 3.8 shows the SEM images that indicate the cross-section of alumina 
hollow fibres after impregnatiing with the 10wt%CuO/CeO2 catalyst and the SEM–
EDS surface mapping that represents the distribution of copper on the substrate 
cross-section. As can be seen from these SEM images, the 10wt%CuO/CeO2 catalyst 
cannot be observed as it does not appear as bulk catalyst particles. Using the SEM–
EDS analysis, the distribution pattern of the catalyst can be observed. The catalyst 
dispersed uniformly and it can be found as fine catalyst particle adhere on the wall of 
finger-like structure. The surface mapping technique also shows the differences in 
the degree of catalyst dispersion within alumina hollow fibres which are affected by 
the changes in the surface chemistry of the alumina hollow fibre substrate. These 
changes have been known to be controlled by the sintering temperature of ceramic 
hollow fibre substrate [18]. 
 
 
Figure 3.8: SEM and SEM-EDS images that show copper distribution on the cross-
section of alumina hollow fibres sintered at a) 1450 oC, b) 1400 oC and c) 1350 oC. 
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Figure 3.9 shows a schematic illustration that represents the impregnation of 
the 10wt%CuO/CeO2 catalyst into an alumina hollow fibre using the sol-gel Pechini 
method. This process consists of four major steps; (a) chelation of metallic ions with 
a hydroxycarboxylic acid forming a metal ion-chelated acid, (b) esterification of the 
metal-ion-chelated acid with a polyhydroxyl alcohol to generate a polyester, (c) 
polymerisation of the polyesters to form long polymeric chains and (d) elimination of 
the organic residuals by thermal treatment in an oxidising atmosphere. 
The polymerisation of the polyesters is recognised as a crucial step for the 
catalyst impregnation process because in this step polyesters not only interact with 
each other to form long polymeric chains but also react with the hydroxyl (OH-) 
group on the surface of alumina hollow fibre which can be considered as anchor 
points for the catalyst precursor. Based on this, the results obtained after the 
catalyst impregnation process as shown in Figures 3.6, 3.7 and 3.8 can be associated 
with the effect of sintering temperature on the number of hydroxyl group on the 
surface of alumina hollow fibres. A low sintering temperature maintains the 
hydrophilicity of alumina hollow fibre by preserving the hydroxyl group on its surface 
and consequently enhances the homogeneity of catalyst distribution within the 
finger-like region. 
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Figure 3.9: The schematic representation of alumina hollow fibre deposited with the 
10wt%CuO/CeO2 catalyst by the sol-gel Pechini method. 
 
According to Martinez et al. and Peter et al. in their respective studies, CuO 
and CeO2 growth on a partially hydroxylated alumina surface is dominated by two-
dimensional island formation whereas CeO2 growth on dehydroxylated surfaces is 
likely to be dominated by the formation of three-dimensional island structure to 
produce aggregates with large particles size [21,22]. Therefore, higher intensity 
observed in the image of SEM–EDS surface mapping for the alumina hollow fibre 
sintered at 1450 oC can be related to a less-hydroxylated surface which may lead to 
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the grow of large particle size due to the formation of three dimensional island. On 
the other hand, the alumina hollow fibre sintered at 1350 oC shows a uniform 
dispersion of the catalyst which can be correlated with the formation of two-
dimensional island formation on hydroxylated surfaces. 
 
3.3.3 Catalytic activity tests in CHFMR and fixed-bed 
reactor 
The catalytic activity tests were carried out on the 10wt%CuO/CeO2 catalyst 
impregnated into the alumina hollow fibres sintered at different temperatures. 
Figure 3.10 shows CO conversions in the CHFMR as a function of reaction 
temperature. The selectivity of this catalyst to the WGS reaction was 100 % because 
the formation of methane was not observed during the catalytic activity tests. An 
increase in the sintering temperature of alumina hollow fibre from 1350 to 1450 oC 
causes a decrease in the CO conversion from 76 to 66 %. A reduction in the CO 
conversion may be caused by two main factors, namely the catalyst loading and the 
degree of catalyst distribution on the inner surface of alumina hollow fibre. Firstly, 
the difference in sintering temperatures causes dissimilar up-takes of the 
10wt%CuO/CeO2 catalyst in alumina hollow fibre leading to variations in the amount 
of CO converted into CO2.  Secondly, it is expected that the differences in the 
amount of hydroxyl groups between alumina hollow fibres sintered at different 
temperatures causes a variation in the particle size distribution in the CHFMR. 
Therefore, the use of alumina hollow fibres sintered at different temperatures may 
lead to the different catalytic activities because it has been well established that the 
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WGS reaction is a structure-sensitive reaction [23]. The geometry and the crystal 
surface of the copper are influenced by its particle size and these characteristics 
have been considered as dominant factors that affects the catalytic activity of copper 
catalyst.  
 
 
Figure 3.10: The CO conversion in the CHFMR versus temperature for the WGS 
reaction using alumina hollow fibre sintered at different temperatures. (■) 1350 oC, 
(●) 1400 oC, (▲) 1450 oC and (▼) thermodynamic equilibrium. 
 
The effect of finger-like structures on the WGS reaction is studied by 
comparing the CO conversion in the CHFMR and a fixed bed reactor. Alumina hollow 
fibres that sintered at 1350 oC are impregnated with the 10wt%CuO/CeO2 catalyst 
before being ground into powder form. This approach has been carried out to 
eliminate the finger-like region and the catalyst can be used directly in a fixed-bed 
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reactor. As shown in Figure 3.11, the catalytic activity of the 10wt%CuO/CeO2 
catalyst in the CHFMR at 400 oC is 20 % higher than that of the fixed-bed reactor. In 
fact, at this temperature the CO conversion in the CHFMR reaches its maximum 
value. The exceptional efficiency of the CHFMR can be associated with the presence 
of finger-like structure in the alumina hollow fibre that acts as conical microchannels 
distributed perpendicularly around the lumen of the fibre, which is schematically 
shown in Figure 3.1. In this case, these microchannels are expected to improve mass 
transport and mixing of gases during the WGS reaction. 
 
 
Figure 3.11: The CO conversion versus temperature in (●) the CHFMR and (■) fixed-
bed reactor. Reaction temperatures ranging from 200 to 400 oC, 1.3 cm3 min-1 of CO 
in the feed mixture, CO/H2O = 1/1, a space velocity of 48,000 cm
3 g-1 hr-1 and the 
amount of catalyst was 30 mg. (▲) thermodynamic equilibrium. 
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3.4 Conclusions 
In this study, it has been shown that the asymmetric structure of alumina hollow 
fibres can be used as a microreactor substrate for the 10wt%CuO/CeO2 catalyst for 
hydrogen production via the WGS reaction. The finger-like structure can be 
considered as conical microchannels which are distributed perpendicularly around 
the lumen of the alumina hollow fibres. The sol–gel method is an excellent technique 
for the catalyst impregnation into the alumina hollow fibres. The uniformity of 
catalyst dispersion is influenced by the surface chemistry of the alumina hollow 
fibres. Low sintering temperatures improve the dispersion of the catalyst onto the 
inner surface of the alumina hollow fibres. The catalytic activity results obtained in 
the CHFMR, which used alumina hollow fibres sintered at different temperatures as 
a catalyst support, show that the CO conversion in the WGS reaction decreases 10 % 
when the sintering temperature of the alumina hollow fibres increases by 100 oC. On 
the other hand, it has been demonstrated that the CO conversion in the CHFMR is 20 
% higher than that in a fixed-bed reactor because the catalyst is dispersed onto the 
surface of finger-like structures and it is expected that conical microchannels 
improve the mass transport and mixing of reactants.  
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Chapter 4: Membrane Microreactor 
for the WGS reaction 
Chapter 4 focuses on the development of a catalytic hollow fibre membrane 
microreactor for high purity hydrogen production 
 
Abstract 
This chapter focuses on the development of the catalytic hollow fibre membrane 
microreactor (CHFMMR) for the production of hydrogen. Asymmetric alumina 
hollow fibre fabricated using the phase-inversion and sintering technique has been 
used as a single substrate for both the palladium (Pd) membrane and the 
30wt%CuO/CeO2 catalyst. The Pd membrane is plated onto the outer surface of 
alumina hollow fibre using the electroless plating (ELP) technique prior to the 
impregnation of the 30wt%CuO/CeO2 catalyst into the inner surface of alumina 
hollow fibres using the sol–gel Pechini method. The water gas shift (WGS) reaction is 
used as a sample reaction to study the performance of CHFMMR. Comparative 
studies based on the CO conversions in the WGS reactions have been carried out 
using the fixed-bed reactor, catalytic hollow fibre micro-reactor (CHFMR) and 
CHFMMR. The results show that the CHFMMR gives the highest CO conversion. It is 
interesting to note that the CO conversion is 17 % higher than the corresponding 
thermodynamic equilibrium when the WGS reaction is performed in the CHFMMR at 
500 oC using a sweep gas with a flow rate of 75 cm3 min-1. In the operation of the 
CHFMMR, pure hydrogen has been obtained in the shell-side, which is 78 % of the 
total hydrogen produced in the WGS reaction. 
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4.1 Introduction 
In recent years, the development of microreactors for different catalytic reactions 
receives an increasing interest in both homogeneous and heterogeneous catalysis. 
The microreactor technology offers various advantages including high surface area to 
volume ratio, efficient heat and/or mass transfer, low pressure drop, instant mixing 
of reactants and high selectivity [1-5]. Moreover, the microreactor technology can be 
used for large scale production because they can be scaled up easily to industrial 
volumes by multiplying directly the number of microreactors [6].  
So far, various microreactor designs have been proposed by a number of 
researches and studies have been carried out to investigate the effect of the design 
aspects on the catalytic performance [7-9]. Apart from the design aspects, various 
studies have been also emphasized on the low-cost production techniques and 
robust materials that can be fabricated easily to form microchannels with three-
dimensional structures [10]. The development of this new technology also considers 
the fact that the geometric surface of microchannels is unable to provide sufficient 
specific surface area for the catalyst impregnation process. Since this process is 
necessary for almost all the catalytic reactions, various chemical treatments and 
porous coating techniques have been used to enhance the surface area of 
microchannel walls [11].  
 Although the use of microreactors has been reported to enhance the 
performance of catalytic reactions, the conversion of reactants in this new 
technology is still limited by its equilibrium conversion, same as with the 
conventional fixed-bed reactor. This limitation can be oppressed by adding a 
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selective membrane into the microreactor design which has a function to remove 
one of the products from a reaction zone. The so-called “catalytic membrane 
microreactor” approach enables the reactor to work under optimum reaction 
conditions at low operating temperature and to use a lower amount of catalyst than 
conventional reactors because the reaction and separation processes have been 
integrated into a single chemical processing unit.  
 Recently, an alumina hollow fibre with an asymmetric pore structure has 
been developed [12]. This asymmetric alumina hollow fibre has a sponge-like 
structure at the outer region and a porous finger-like structure in the inner surface, 
in which a thin-layer membrane and a catalyst can be placed respectively. The 
combination of excellent thermal stability and excellent mechanical strength of 
alumina makes it an attractive choice for a number of chemical reactions under very 
different operating conditions. Since the alumina hollow fibres have a tubular 
geometry with an outer diameter less than 2 mm, it is relatively easy to scale up by 
assembling the alumina hollow fibres into a compact module. In comparison with 
conventional microreactor systems, the alumina hollow fibre offers an advantage in 
which only insignificant heat dissipates through the tubing by conduction. 
 The main objective of this work is to develop the catalytic hollow fibre 
membrane microreactor (CHFMMR) for pure hydrogen production using the 
asymmetric alumina hollow fibre as a microreactor substrate. This chapter discusses 
in detail the steps for fabricating the CHFMMR and the performance of the CHFMMR 
compared with the catalytic hollow fibre microreactor (CHFMR) and fixed-bed 
reactor. For this purpose, the water–gas shift (WGS) reaction has been chosen as a 
sample reaction to study the difference in catalytic activities in the CHFMMR, CHFMR 
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and fixed-bed reactor. A thin palladium (Pd) layer plated on the outer surface of 
alumina hollow fibre is used as the membrane to separate hydrogen from reaction 
zones. 
 
4.2 Experimental Works 
4.2.1 Materials 
Material data for the catalyst preparation using the sol-gel Pechini method can be 
found in Chapter 3, Section 3.2.1. Ammonium tetrachloropalladate (Pd(NH4)2Cl4, 
99.99%, Aldrich), tin chloride (SnCl2·2H2O, Fisher Sci. Ltd.), 
ethylenediaminetetraacetic acid (Na2EDTA·2H2O, Fisher Sci. Ltd.), hydrochloric acid 
(HCl, 37%, Fisher Sci. Ltd.), hydrazine (N2H4, Fisher Sci. Ltd.) and ammonium 
hydroxide (NH3·H2O, 28%, Fisher Sci. Ltd.) were used for preparing the Pd membrane 
using the electroless plating (ELP) technique. 
 
4.2.2 Preparation of alumina hollow fibre 
The fabrication procedure and heating profiles have been discussed in detail in 
Chapter 3, Section 3.2.2. For the development of the CHFMR and CHFMMR, the 
precursors of alumina hollow fibres were sintered at 1450 oC to obtain a sufficent 
mechanical strength. In order to minimize the difference in catalyst loadings, 
alumina hollow fibres used to develop the CHFMR and the CHFMMR were selected 
from the same production batch. 
 
 
116 
 
4.2.3 Preparation of Pd membrane  
The preparation of Pd membrane on the alumina hollow fibre has been carried out 
using the information obtained by an ex-member of our research group, Dr. 
Mohammed Irfan Hatim, and his fundamental study in the fabrication process can be 
found elsewhere [13]. Pd membranes were plated onto the outer surface of alumina 
hollow fibres using the ELP technique. Prior to the activation process, alumina hollow 
fibres were cleaned using deionised water and activated subsequently by the 
conventional Pd–Sn activation procedure. The activation process was repeated six 
times, after which the surface colour of alumina hollow fibre changed from white to 
dark brown. The alumina hollow fibres activated with Pd seeds were then plated 
with Pd layer using the ELP technique at 60 oC and this process was repeated three 
times to obtain 6 μm-thick Pd membranes. The volume of plating solution required 
for the ELP technique was determined based on the total area of the substrate that 
is intended to be plated with Pd membrane. The ratio between the volume of plating 
solution and the surface area of alumina hollow fibre was 3.7:1. The period required 
to plat 2 μm-thick Pd membranes was approximately 20 minutes. 
 
Table 4.1: Chemicals and composition used for the activation process of Pd seeds. 
Compounds Concentration 
SnCl2 1 g L
-1  
PdCl2 0.1 g L
-1 
HCl 0.01 M 
Deionized water - 
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The concentration of compounds used in the activation and plating steps can 
be found in Table 4.1 and Table 4.2. After the plating process, the Pd membranes 
were dried in an oven (Memmert) at 120 oC for 2 hours. The thickness of Pd 
membrane was measured using the gravimetric method and it was confirmed using 
the SEM analysis. The permeation tests using pure hydrogen and argon were carried 
out to study the permeability of Pd membrane and to investigate the presence of 
pinhole structure on the surface of Pd membrane. 
 
Table 4.2: The composition of plating bath of Pd membrane on alumina hollow fibres 
using the ELP technique. 
Compounds Concentration 
Pd(NH3)4Cl2.H2O 4 g L
-1 
Na.EDTA.2H2O 40.1 g L
-1 
NH4OH (28%) 198 ml L
-1 
N2H4 5.6 ml L
-1 
 
4.2.4 Impregnation of catalyst into alumina hollow fibre 
The preparation of the 30wt%CuO/CeO2 catalyst was similar to the procedure 
discussed in Chapter 3, Section 3.2.3. 17.66 g of Ce(NO3)3·6H2O, 9.11 g of 
Cu(NO3)2·3H2O, 30.12 g citric acid and 11.68 g ethylene glycol were used to prepare 
the catalyst solution using the sol-gel Pechini method [14]. The amount of copper 
used in this work is similar to the work reported by Li et al. [15]. The impregnation 
procedure of the 30wt%CuO/CeO2 catalyst into alumina hollow fibre can also be 
found in Chapter 3, section 3.2.3. The permeation tests were carried out on bare 
alumina hollow fibre and those impregnated with 30wt%CuO/CeO2 catalyst to study 
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the permeability of the substrate before and after the catalyst impregnation process. 
The permeation tests were also carried out on the bare alumina hollow fibre at 
different temperatures. 
 
4.2.5 Fabrication of CHFMMR and catalytic activity tests  
In the fabrication of the CHFMMR, a single step impregnation was used to 
impregnate 30wt%CuO/CeO2 into the finger-like structure of alumina hollow fibre. 
The impregnation process was carried out after the plating process to avoid the 
dissolution of copper into the plating solution due to the presence of ammonia and 
EDTA [16]. The outer surface of the alumina hollow fibre was coated with a thin and 
gas-tight layer of white glaze except the central part of approximately 10 cm, which 
was left for the Pd membrane. The membrane was then plated on the outer surface 
of alumina hollow fibre using the ELP technique. 
The alumina hollow fibre with Pd membrane on its outer surface was 
wrapped with the polytetrafluoroethylene (PTFE) tape to prevent a direct contact 
between the Pd membranes and the catalyst solution. A homogeneous catalyst 
solution was injected into the lumen of alumina hollow fibre using a glass pipette 
and this process was repeated several times. The wrapped alumina hollow fibre was 
put into container as shown in Figure 4.1 and small amount of catalyst solution was 
added at one end of alumina hollow fibre to maintain a capillary force into the 
finger-like structure. The alumina hollow fibres were then dried in an oven (Salvislab 
Thermocenter) at 60 oC for 24 hours and further dried at 115 oC to complete the 
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polymerisation of a polymeric resin precursor. The catalyst solution would turn into 
xerogel which adsorbed onto the inner surface of alumina hollow fibre substrates. 
 
 
Figure 4.1: The schematic diagram that shows the impregnation of catalyst into the 
alumina hollow fiber with Pd membrane which wrapped with PTFE tape. 
 
After the drying process, the alumina hollow fibre with Pd membrane was 
unwrapped and assembled into a tubular ceramic module. The oxidation of xerogel 
formed during the drying process was carried out in a tubular furnace (Vecstar 
Furnaces, VCTF/SP). The temperature was increased from room temperature to 400 
oC at a rate of 5 oC and held for 1 hour. A flowing air of 30 cm3 min-1 was introduced 
into the lumen to complete the oxidation process and 30 cm3 min-1 of argon was 
introduced on the outer surface of the Pd membrane throughout this process to 
prevent an oxidation of the Pd membrane which may cause a pin-hole formation. 
The performance of the CHFMMR was compared with that of the CHFMR and 
fixed-bed reactor. The preparations of the CHFMR and fixed-bed reactor were 
discussed in detail in Chapter 3, section 3.2.4.6. 
The catalytic activity tests in the fixed-bed reactor, CHFMR and CHFMMR 
were carried out under atmospheric pressure over a temperature range of 300 and 
500 oC. The schematic diagram for the operation of these reactors is shown in Figure 
4.2. The feed mixture contains CO (1.3 cm3 min-1) and water vapour. The water 
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vapour was obtained by flowing argon through a glass bubbler that contains 
deionised water heated at 60 oC. The mole ratio of water vapour to CO was kept at 
0.5 throughout the catalytic activity test. The WGS reactions were carried out at a 
space velocity of 80,000 cm3 g−1 h−1. In a typical catalytic activity test, the weight of 
the WGS catalyst was 18 mg and the total flow rate was 24 cm3 min−1. The 
concentration of the products was measured using a TCD gas chromatography 
(Varian-3900) while the actual flow rate was measured using a bubble flow meter. 
 
 
Figure 4.2: The schematic diagram that shows the mode of operation for a fixed-bed 
reactor, the CHFMR and the CHFMMR. 
 
In the operation of CHFMMR, H2 produced in the WGS reaction was 
separated using the Pd membrane on the outer surface of the CHFMMR. The 
removal of hydrogen from the reaction zones was carried out using a sweep gas with 
co-current flow to create a concentration gradient across the Pd membrane. The 
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hydrogen recovery index which represents the ability of Pd membranes to perform 
hydrogen permeation is defined as follows: 
H2 recovery index (%) %100Re
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4.3 Results and Discussion 
4.3.1 Alumina hollow fibre 
In the development of CHFMMR, alumina hollow fibre sintered at 1450 oC has been 
chosen as a single substrate for both the 30wt%CuO/CeO2 catalyst and the Pd 
membrane. At 1450 oC, the mechanical strength of alumina hollow fibre is 
approximately 150 MPa, which has been regarded as a sufficient bending strength 
for the fabrication of robust CHFMMR. Although alumina hollow fibre sintered at 
1350 oC has higher catalyst loading, which can improve the catalytic activity of the 
WGS reaction, it has not been chosen as a substrate for the CHFMMR. It has a lower 
bending strength compared with that of alumina hollow fibre sintered at 1450 oC. 
Furthermore, it tends to break easily during either the catalyst impregnation process 
or the Pd plating process. 
As discussed in Chapter 3, the finger-like structure can be used as a substrate 
for the 30wt%CuO/CeO2 catalyst acting as a conical microchannel to enhance the 
catalytic activity of the WGS catalyst. Furthermore, the narrow pore size distribution 
of sponge-like region enables the deposition of a thin Pd membrane on the outer 
surface of the alumina hollow fibre as shown in Figures 4.3a. Figure 4.3b shows the 
3-D photographic image of finger-like structure that consists of conical microchannel 
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distributed uniformly along the alumina hollow fibre. This structure will receive 
reactants from the gas flow in the lumen. The presence of conical microchannels 
along the lumen enables the reactant to be distributed effectively thus increasing 
the rate of reactant conversions. 
 
 
Figure 4.3: a) SEM pictures of the cross-section of alumina hollow fibre sintered at 
1450 oC. b) 3-D photographic image that show the lumen, the finger-like structure 
and sponge-like-structure. 
 
4.3.2 Plating of Pd membrane on alumina hollow fibre  
The outer surface of alumina hollow fibre is seeded with Pd particles using a 
conventional activation process prior to the deposition of Pd membrane. This 
process has been recognised as a crucial step for growing a uniform and dense Pd 
membrane [17]. Figure 4.4a and 4.4b shows the outer surface of the alumina hollow 
fibre before and after the activation process respectively. To obtain uniform Pd 
seeds, the activation process should be repeated up to six times and the outer 
surface of alumina hollow fibre will be covered with Pd clusters with an average 
particle size of 50 nm as shown in Figure 4.4b. The use of alumina hollow fibre as the 
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substrate for Pd membrane eliminates the necessity of using an intermediate layer 
due to a small and narrow pore size distribution of sponge-like region in the outer 
layer and stability of alumina at higher temperatures. Typically, the intermediate 
layer is used to close macropores on a membrane substrate and to prevent 
intermetallic diffusion at higher temperatures [18,19]. 
 
 
Figure 4.4: SEM pictures of the top surface of the alumina hollow fibre before (a) and 
after (b) the activation process. (c) Cross-section of the alumina hollow fibre after Pd 
deposition and (d) top surface of Pd membrane. 
 
The Pd membrane obtained using the ELP technique is shown in Figure 4.4c. 
The thickness of the Pd membrane is approximately 6 μm, which is close to 5.4 μm 
estimated using the gravimetric method. According to Ma et al., the thickness of Pd 
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membrane has to be at least three times higher than the maximum pore diameter of 
a porous substrate to avoid leaks on the surface of Pd membrane [20]. Although the 
actual thickness of the Pd membrane used in this study is higher than its theoretical 
value (the largest porous size is around 0.3 μm in sponge-like structure), it is an 
advantage to avoid the formation of defects due to the sintering of Pd particles at 
high temperatures during the WGS reaction [21]. Figure 4.4d shows the Pd 
membrane on the outer surface of alumina hollow fibre that plated using the ELP 
technique has homogeneous and uniform surface and free from defects. 
 
 
Figure 4.5: Fluxes of H2 through the Pd membrane as a function of the difference in 
square roots of the transmembrane pressure at different temperatures: (■) 300 oC, 
(●) 350 oC, (▲) 400 oC and (♦) 450 oC. 
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Permeation tests are carried out on the Pd membrane using pure H2 and 
argon gases to test the H2 permeability and H2/Ar selectivity before being used in the 
CHFMMR. Figure 4.5 shows the H2 permeation flux through the Pd membrane as a 
function of square root pressure difference estimates between shell and lumen side 
pressures. The graph shows that the permeation of H2 rises as the temperature 
and/or the pressure in the lumen of alumina hollow fibre is increased. The linear fit 
shows that the H2 permeation through the Pd membrane followed the Sievert’s law. 
From Figure 4.4, the H2 permeances of Pd membrane are 6.9, 8.3, 9.5 and 10.7 L m
−2 
s−1 atm−0.5 at 300 oC, 350 oC, 400 oC and 450 oC, respectively. Besides, argon does not 
permeate through the Pd membrane at any testing conditions applied during the 
permeation tests, confirming that the Pd membrane has an infinite selectivity 
towards H2. Based on these results, it can be concluded that the Pd membrane 
plated on the alumina hollow fibre is absolutely dense and free from defects, which 
is in agreement with the result obtained in the SEM analysis as shown in Figure 4.4d. 
 
4.3.3 Impregnation of catalyst into alumina hollow fibre  
The 30wt%CuO/CeO2 catalyst is prepared using the sol-gel Pechini method [14]. This 
approach not only produces high surface area of catalyst but also enables the 
catalyst impregnation process to be carried out in the inner surface of alumina 
hollow fibre. Initially, bare alumina hollow fibre and/or alumina hollow fibre with Pd 
membrane were immersed completely in the catalyst solution to enhance the 
diffusivity of catalyst solution into the microchannels in the alumina hollow fibre as 
shown in Figure 4.6a. However, this process has a number of drawbacks which can 
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cause severe damage to the bare alumina hollow fibre and/or the alumina hollow 
fibre with Pd membrane. Figure 4.6b shows the nature of sol-gel which tends to 
expand during the drying process. The alumina hollow fibre which is initially in the 
bottom of catalyst solution is pushed upward by the expanding gel. At the same 
time, the expanding gel tends to create a strong adhesion with the alumina hollow 
fibre near to its surface. The formation of convex meniscus by sol-gel creates a lot of 
stress on the centre of the alumina hollow fibre which consequently causes the 
alumina hollow fibre to break as shown in Figure 4.6c. 
 
 
Figure 4.6: The nature of sol-gel when subjected to the drying process. a) Initially, 
the alumina hollow fibre is immersed into catalyst solution to enable better diffusion 
into its inner surface. b) The sol-gel tends to expend during the drying process. c) 
Alumina hollow fibre will break into two due to expansion of sol gel during the drying 
process. 
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The sol-gel Pechini method also tends to produce sticky sol-gel as the drying 
process goes on. At the end of this process, crystal gels will adhere strongly on the 
surface of a container as shown in Figure 4.7 and it would be very difficult trying to 
retrieve the alumina hollow fibre after the drying process. To avoid problems related 
to the catalyst impregnation process, a new approach has been proposed. Only small 
amount of catalyst solution is used for this process and this technique has been 
discussed in Section 4.2.5. This approach reduces the overall amount of catalyst 
solution required for the catalyst impregnation process into the inner surface of 
alumina hollow fibres and it is very practical when the catalyst solution is prepared 
using precious metals.  
 
 
Figure 4.7: The xerogel obtained after drying process causes adhesion occurs 
between alumina hollow fibre and a container bottom, causing difficulties during the 
collecting process. 
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Conventionally, the drying processes of various catalyst solutions using the 
sol–gel Pechini method are carried out at temperatures ranging from 90 to 150 oC to 
facilitate the polymerisation process between ethylene glycol and citric acid [14]. 
The impregnations of 30wt%CuO/CeO2 into alumina hollow fibres had been carried 
out using the conventional approach but the amount of the catalyst obtained was 
very low because the sol–gel formed in this process swelled and spread, leaving the 
inner surface of alumina hollow fibre substrates, consequently causing a reduction in 
the amount of the catalyst. Therefore, a reduction in the drying temperature is 
essential to ensure that a maximum amount of the catalyst can be impregnated onto 
the inner surface of the alumina hollow fibre. 
 
 
Figure 4.8: Catalyst loading deposited into the finger-like region of the alumina 
hollow fibre as a function of the drying temperature. 
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In this study, two-step drying processes have been carried out to turn 
homogeneous catalyst solution into xerogel and to increase the amount of the 
30wt%CuO/CeO2 catalyst in the inner surface of alumina hollow fibre. The pre-drying 
process is firstly carried out at temperatures ranging from 60 to 90 oC to enable the 
removal of excess solvent (water) and to avoid excessive swelling of sol–gel which 
can reduce the amount of the catalyst in alumina hollow fibre. Figure 4.8 shows the 
amount of the catalyst impregnated into the inner surface of alumina hollow fibre, 
which show a slight increase when the pre-drying temperature is decreased from 90 
to 60 oC. The pre-drying process is recognised as a crucial step that could influence 
the amount of catalyst during the sol–gel impregnation. The maximum amount of 
30wt%CuO/CeO2 that can be impregnated is around 6 % when the pre-drying 
process is carried out at 60 oC and this condition has been chosen for the 
impregnation of the catalyst into alumina hollow fibre in the development of the 
CHFMR and the CHFMMR. 
 Permeation tests have been carried out using pure N2 on alumina hollow 
fibres before and after impregnating with the 30wt%CuO/CeO2 catalyst to study the 
effect of the catalyst impregnation process on the permeability of the substrate and 
the results are shown in Figure 4.9. The permeation data suggests a bare alumina 
hollow fibre that consists of finger-like structures and the sponge-like region is more 
permeable to N2. The flux of an alumina hollow fibre reduces when the catalyst is 
impregnated into its inner surface and a 67 % decrease in the N2 flux can be 
observed at the highest pressure difference. This occurs due to the presence of the 
catalyst that reduces the microchannel volume particularly in the sponge-like region. 
In the operation of CHFMMR, the pressure difference across an alumina hollow fibre 
130 
 
is negligible because the separation of H2 from reaction zone is carried out using a 
sweep gas. The data in Figure 4.9 suggests that the difference in flux between bare 
alumina hollow fibre and those impregnated with the catalyst is negligible when the 
permeation test is carried out under lower pressure. Asymmetric alumina hollow 
fibres impregnated with the catalyst still have higher flux which is sufficient for 
reaction products to reach Pd membrane on the outer surface of alumina hollow 
fibres. It can be deduced that an alumina hollow fibre can still be used as a substrate 
for both the Pd membrane and the 30wt%CuO/CeO2 catalyst in the development of 
the CHFMMR. 
 
 
Figure 4.9: Fluxes of N2 through the alumina hollow fibre as a function of the 
pressure before (●) and after (■) the catalyst impregnation process. The test is 
carried out at a room temperature. 
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4.3.4 The WGS reaction in CHFMMR 
Figure 4.10 shows the comparative results of the CO conversion of the WGS 
reaction as a function of the reaction temperatures in the fixed-bed reactor, CHFMR 
and CHFMMR that uses different flow rates of a sweep gas. As can be seen from the 
graph, the CO conversion obtained in the CHFMR is higher than of the fixed-bed 
reactor when the reaction temperature is increased from 350 to 500 oC. The 
improvement in the catalyst activity is due to the presence of the 30wt%CuO/CeO2 
catalyst with a high surface area on the inner surface of alumina hollow fibres. In 
addition, the use of alumina hollow fibres as a microreactor substrate results in a 
more efficient utilisation of the catalyst compared with the fixed-bed reactor. The 
finger-like region can be considered as a set of hundreds of conical microchannels 
that is distributed perpendicularly to the lumen of the alumina hollow fibre. In these 
microchannels, the reactants are efficiently mixed and this contributes to an increase 
in the CO conversion. The result also shows that the CO conversion in the CHFMR 
increases to its equilibrium value when the reaction temperature is increased to 500 
oC. 
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Figure 4.10: CO conversion as a function of reaction temperature in the WGS 
reaction. (····) thermodynamic equilibrium, (□) fixed-bed reactor, (○) the CHFMR and 
the CHFMMR with different flow rates of sweep gas: (■) 50 cm3 min-1, (▲) 65 cm3 
min-1 and (●) 70 cm3 min-1. 
 
The improvement in the CO conversion in the CHFMR can be associated with 
the geometry of conical microchannels. As discussed in Chapter 3, the conical 
microchannels in the finger-like structure have a small opening that connects the 
lumen and a large pore. This small opening can reduce the flow rate of the reactants 
that enters the conical microchannel contributing to an increase in the length of a 
mixing zone [22]. According to Mansur et al. [23], a sudden change of flow from high 
to low flow rate contributes to strong deformations in laminar flow, which 
consequently improve the mixing process. A similar phenomenon has been 
discovered by Fu and Pan who reveal that the deceleration of fluid flow in the 
diverging microchannel can enhance the diffusion of one liquid to the other in the 
lateral direction [22]. Moreover, it is expected that the large opening, represented 
133 
 
by zone b and c in Figure 4.11, acts as an active mixer because the heat supplied for 
the WGS reaction may represent as an external perturbation that introduces vortices 
into laminar flow. Simple concepts can be used to explain the flow pattern in the 
conical microchannel as shown in Figure 4.11; a) the flow of carrier and reactants 
from lumen of an alumina hollow fibre, which has high flow rate, is reduced by a 
small opening that may initiate the formation of vortices. b) The vortices may be 
formed due to an increasing length of mixing and the conical microchannel itself acts 
as an active micromixer due to the channel geometry and heat supplied. c) The 
reverse flow occurs due to either narrow pore size distribution and/or incorporation 
of Pd membrane on the outer surface disturbs the flow of a carrier. d) A carrier and 
products diffuse out to the lumen of alumina hollow fibre. 
 
 
Figure 4.11: The flow pattern proposed in a single unit of finger-like void as a conical 
microchannel improves the mixing of reactants. 
 
The idea of vortices that can occur in the conical microchannel can be 
supported with the result of permeation tests shown in Figure 4.12. The flux of argon 
through the hollow fibre decreases when the temperature is increased from 300 to 
600 oC. The reduction in the argon flux can be associated with the volume of argon in 
the finger-like structure which tends to expand as the temperature is increased. The 
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flow of argon through narrow pores in the sponge-like structure is limited as the 
volume of argon expands in random direction. It is interesting to note that a high 
volume of argon is present during the WGS reaction in the CHFMR, since it is used as 
a carrier for CO and H2O. 
 
 
Figure 4.12: Fluxes of argon through an alumina hollow fibre as the function of 
pressure at different temperatures. (■) 300 oC, (●) 400 oC, (▲) 500 oC and (▼) 600 
oC. 
 
Further looking into Figure 4.10, the thin Pd membrane plated on the outer 
surface of the CHFMMR enables the separation of H2 from the reaction zone 
resulting in an increase in the CO conversion. The increase in the CO conversion can 
be explained in accordance with the “Le Chatelier” principle, the removal of one or 
more reaction products will shift the conversion towards products formation. It is 
interesting to note that at 500 oC and a sweep gas flow rate of 75 cm3 min-1, the 
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CHFMMR enables the CO conversion to rise from 43 to 60 %. Figure 4.13a also shows 
that the production rate of H2 from the CHFMMR is influenced by the reaction 
temperatures and the sweep flow rates confirming that the Sieverts’ law governed 
the H2 transport through the Pd membrane.  
 
 
Figure 4.13: (a) H2 permeation through the Pd membrane during the WGS reaction 
as a function of the temperature at different sweep gas flow rates: (■) 50 cm3 min-1, 
(▲) 65 cm3 min-1 and (●) 70 cm3 min-1. (b) H2 recovery index as a function of the 
reaction temperature at different flow rates of sweep gas: (■) 50 cm3 min-1, (▲) 65 
cm3 min-1 and (●) 70 cm3 min-1. 
 
To study the performance of the Pd membrane during the operation of the 
CHFMMR, H2 recovery index is calculated at different temperatures and flow rates of 
the sweep gas as shown in Figure 4.13b. Typically, this index is used to describe the 
efficiency of Pd membranes and it can be defined as the percentage of H2 permeates 
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through the Pd membrane compared with the total amount of H2 produced during 
the WGS reaction. As can be seen, the H2 recovery index for every sweep factors 
remains constant as the reaction temperature is increased from 300 to 500 oC. This 
indicates that the reaction temperature has a significant effect on the H2 flux of Pd 
membrane which leads to an increase in the amount of H2 in shell-side. The H2 
recovery index also increases significantly as the flow rate of the sweep gas is 
increased from 50 to 70 cm3 min-1. The higher the flow rate of the sweep gas, the 
higher the pressure difference across the Pd membrane, which results in an increase 
in the permeability of H2. 
In the operation of the CHFMMR, H2 with high purity has been obtained in 
the shell-side, which is 78 % of the total amount of H2 produced in the WGS reaction. 
High recovery of H2 is obtained in the shell-side of the CHFMMR although the 
pressure difference across the Pd membrane is only induced using a sweep gas. It is 
predicted that the H2 recovery index can be increased up to 100 %, which represent 
a complete removal of H2 from reaction zone, if the sweep gas is replaced by the use 
of vacuum extraction in the shell side of the CHFMMR. It is interesting to highlight 
that the Pd membrane showed good stability even though it was operated at high 
temperatures for a long period of time during the catalytic activity test. 
 
4.4 Conclusions 
This study demonstrates that alumina hollow fibre, which has an asymmetric porous 
structure, can be used as a single substrate for both the Pd membrane and the 
30wt%CuO/CeO2 catalyst in the development of the CHFMMR for H2 production. The 
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finger-like structure in the alumina hollow fibre is made up of hundreds of conical 
microchannels which distributed perpendicularly to the lumen of alumina hollow 
fibre in which the reactants could be mixed efficiently. Using the ELP technique, Pd 
membrane can be plated effectively on outer layer of alumina hollow fibre due to 
the presence skin layer with narrow pore size distribution producing a defect-free 
surface membrane with 6 μm thickness. The catalyst with a high surface area has 
been impregnated successfully into the alumina hollow fibres using the sol–gel 
Pechini method. The maximum amount of 30wt%CuO/CeO2 catalysts can be 
impregnated into the inner surface of alumina hollow fibre is approximately 6 % 
when the drying process is carried out at 60 oC. The catalytic activity results show 
that the CHFMMR gives the highest CO conversion compared with the fixed-bed 
reactor and CHFMR. The use of CHFMMR enables the CO conversion to rise from 43 
to 60 % when the WGS reaction is carried out at 500 oC using at a sweep flow rate of 
75 cm3 min-1 and pure H2 has been produced in the shell side of the CHFMMR during 
the WGS reaction. This study shows that H2 flux through the Pd membrane increases 
with temperatures and the flow rate of a sweep gas. The Pd membrane plated on 
the alumina hollow fibre shows an excellent stability during the WGS reaction 
despite it has been used at high temperatures for long periods of time. Based on 
these results, the CHFMMR offers important advantages over existing H2 production 
systems and can be presented as a promising system to produces COx-free H2 via 
WGS reaction. The fabrication techniques and process understanding generated 
from this study are generic and may be applied to a wide range of heterogeneously 
catalysed gas phase reactions which are related to H2 production. 
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Chapter 5: CHFMR for portable 
device applications 
Chapter 5 discusses the feasibility of yttria stabilised zirconia to be used as a 
substrate for the development of a catalytic hollow fibre microreactor which can be 
used as an on-board hydrogen generation for portable device applications 
 
Abstract 
A novel catalytic hollow fibre microreactor (CHFMR) that uses asymmetric yttria 
stabilised zirconia (YSZ) hollow fibres has been developed for on-board hydrogen 
generation in portable device applications. In the development of CHFMR, 
10wt%Ni/MgO-CeO2 that has been selected as a catalyst for the ethanol steam 
reforming (ESR) is impregnated into the inner surface of YSZ hollow fibres using the 
sol-gel Pechini method. The catalytic activity tests have been performed in the YSZ 
hollow fibres and the results are compared with fixed-bed reactors. The result shows 
that eight units of CHFMR that only has 18 mg catalyst produced a relatively similar 
amount of hydrogen compared with the fixed-bed reactor that uses 100 mg. An 
excellent catalytic utilisation in the CHFMR enables a small quantity of catalyst to be 
used for the ESR. The simulation study using the computational fluid dynamic (CFD) 
demonstrates that the conical microchannel in the finger-like structure enables the 
formation of vortices which can enhance reactant distribution near to catalyst 
surface. The CFD also predicts that the tangential velocities of the vortices are 
influenced by operating parameters such as temperature, pressure and flow rate of 
gas carrier in the lumen of YSZ hollow fibres. 
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5.1 Introduction 
To date, batteries are still widely used for powering a number of portable devices 
[1]. Typically, the performance and operational period of batteries are affected by 
their basic designs and how they are used. However, the use of batteries has a 
number of drawbacks including short operating period, cell capacity diminishing over 
time, sensitivity over high temperature and disposal problems [2]. To overcome the 
limitation of batteries as an energy provider to portable devices, the fuel cell 
technology has been regarded as a promising alternative to replace this available 
technology [3]. Initially, the fuel cell is developed for large scale applications and 
transportations but researchers also focus on the possibility of developing much 
smaller units to provide lower prices per kilowatt. This has led to great interest to 
develop miniature fuel cell that is small enough to replace batteries in portable 
device application [4].  
The development of portable devices which could incorporate a compact fuel 
cell as a battery replacement has been initiated by various manufacturers. 
Manhattan Scientifics Inc. have developed the Micro-Fuel CellTM which can be used 
in mobile phones [4]. The Micro-Fuel CellTM that consists of the direct methanol fuel 
cell (DMFC) system is used as an instant charger to provide power supply to the 
mobile phone while it is in the holster. This company describes that the DMFC can 
provide up to 18 to 27 hours of talk time, three to five times higher than the specific 
energy offered by lithium-ion batteries. Recently, Samsung Electronics in Korea has 
developed a notebook computer powered by the proton exchange membrane fuel 
cell (PEMFC) system [5]. The notebook is equipped with a compact methanol-
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reforming system with a CO preferential oxidation unit, a 16-cell PEMFC stack, and a 
control unit for the management of the system with a direct current converter. 
Although a compact fuel cell has been successfully developed to suit with 
portable devices, its fuel supply is still problematic. Metal hydrides that have been 
considered as a state of art for storing hydrogen for portable units can only store a 
small quantity of hydrogen [6]. In addition, the use of liquid methanol directly in the 
DMFC is still unfavourable due to toxicity of methanol and a relatively low specific 
power offered by the DMFC [4,7]. Due to the drawback of metal hydrides and the 
DMFC, there has been an increasing interest to use a compact reformer acting as an 
on-board hydrogen generator to produce hydrogen instantly for the fuel cell system 
[8]. A compact microreformer is particularly attractive due to its high specific energy 
and its capability to be refuelled instantly. In addition, the use of on-board hydrogen 
generation enables a liquid fuel that generates hydrogen to be stored easily. 
The catalytic hollow fibre membrane microreactor (CHFMMR) can be 
considered as a promising system to be used with a compact fuel cell in portable 
device application. However, the operating temperature of the CHFMMR that used 
Pd membrane is quite high for portable device application because the Pd 
membrane requires temperatures ranging from 450 to 500 oC to exhibit its 
exceptional performance in separating hydrogen from microreactor. The CHFMMR is 
unsuitable for portable device application unless a polymeric membrane that can be 
used at lower temperature with high hydrogen permeability and selectivity is 
developed. Therefore, it is preferable to use a microreactor without the use of Pd/Ag 
membrane as a reformer for on-board hydrogen generation. Another important 
aspect in designing a compact reformer is the consideration of the number of 
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microreactor units that can produce sufficient amount of hydrogen to generate 
electricity using a fuel cell system. A laptop for example, requires ca 35 Watt of 
electricity, which can be generated from 888 cm3 min-1 hydrogen using the proton 
exchange membrane fuel cell (PEMFC) [5]. A scaling up process should be done to 
ensure sufficient amount of hydrogen to be produced using an on-board hydrogen 
generator. 
Therefore, this chapter focuses on the development of microreactor stack 
that consists of multiple unit of catalytic hollow fibre microreactor (CHFMR) for on-
board hydrogen generation. Asymmetric yttria stabilised zirconia (YSZ) hollow fibre is 
used as a microreactor substrate and ethanol is selected as a liquid fuel to produce 
hydrogen via the ethanol steam reforming (ESR). Figure 5.1 shows the schematic 
diagram of the cross-section of CHFMR and the distribution of reactants in the YSZ 
hollow fibre. The 10wt%Ni/MgO-CeO2 catalyst [9], selected for the ESR reaction, is 
impregnated onto the inner surface of YSZ hollow fibre using the sol-gel Pechini 
method. The evaporated mixture of reactants is fed to the lumen of YSZ hollow fibre. 
The high flow rate of gas carrier enables the reactant mixture to enter the finger-like 
structure through its narrow opening. The ESR reaction occurs in the conical 
microchannels and the products are forced to diffuse out to the lumen as more 
reactant enters into this reaction zone. 
 
145 
 
 
Figure 5.1: a) The schematic diagram of YSZ hollow fibre and the flow distribution of 
reactants in the conical microchannel. b) The CHFMR configuration in a square-
shaped module. 
 
This study also investigates the appearance of vortex flow in the conical 
microchannel of YSZ hollow fibre which is expected to enhance the hydrogen 
production rate in the CHFMR compared with the fixed-bed reactor. A study has 
shown that the formation of vortices is required for improving the mixing quality of 
reactants in laminar flow [10]. Therefore, in this study the computational fluid 
dynamic (CFD) simulations have been carried out to predict the presence of vortices 
in the conical microchannel of YSZ hollow fibre during the ESR when the operating 
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conditions such as temperature, flow rate and pressure in the lumen are varied. The 
Navier-Stokes and the continuity equations are used to simulate the system. 
 
5.2 Experimental Works 
5.2.1 Materials 
YSZ powders with 0.25 µm (dp = 0.25 μm; surface area = 8 – 13 m
2 g-1) and 0.01 µm 
(dp = 10 nm; surface area = 154 m
2 g-1) (NexTech Materials Ltd.), polyethersulfone 
(Radal A300, Ameco Performance, USA), N-methyl-2-pyrrolidone (HPLC grade, 
Rathbone), polyvinyl pyrrolidone (PVP) (Acros Organics) and/or Solsperse 3000 
(Noveon Inc., Ohio) were used in the fabrication of YSZ hollow fibres using the phase 
inversion based spinning technique. 
Cerium (III) nitrate hexahydrate (Ce(NO3)3·6H2O, 99.0%, Fluka Analytical), 
magnesium nitrate hexahydrate (Mg(NO3)2.6H2O, 99.0%, Acros Organic), nickel 
nitrate hexahydrate (Ni(NO3)2·6H2O, 99.0%, Acros Organic), ethylene glycol (+99%, 
Acros Organic) and citric acid (≥ 99.0%, Sigma–Aldrich) were used to prepare a 
homogeneous catalyst solution using the sol–gel Pechini method. 
 
5.2.2 Preparation of YSZ hollow fibre 
The preparation of YSZ hollow fibre has been carried out by ex-member of our 
research group, Dr. Chiao-Chien Wei and his study in the fabrication process can be 
found elsewhere [11]. In the preparation of the YSZ substrate, polyethersulfone 
(PESf) was slowly added over a period of 30 minutes into N-dimethylformamide to 
form the polymer solution. After the polymer solution was formed, a specific amount 
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of YSZ oxide was then added into the polymer solution slowly, while Heidolph RZR 
2000 stirrer was used at a speed of approximately 300 rpm to ensure that all the YSZ 
powder was dispersed uniformly in the polymer solution. PVP and/or Solsperse 
3000, which used as additives, were also introduced into the solution to modulate its 
viscosity. The spinning process to produce the precursor of YSZ hollow fibre is rather 
similar to the method discussed in Chapter 3, Section 3.2.2 but the tube-in-orifice 
spinneret with outer diameter of 3 mm and inner diameter 1.2 of mm was used in 
this study. The deionised water was used as the internal coagulant at a flow-rate of 3 
cm3 min-1 and the air-gap ranging from 30 to 40 cm was used during the spinning 
process. The YSZ hollow fibre precursors were left in the external coagulation bath 
overnight to enable the completion of phase-inversion process before being cut and 
dried at room temperature. YSZ hollow fibres were obtained at sintering 
temperatures of 1300 oC by sintering its precursor using the ELITE tubular furnace. 
The temperature was increased from a room temperature to 600 oC at a rate of 2 oC 
min-1 and held for 2 hours, then to 1300 oC at a rate of 5 oC min-1 and held for 3 
hours. The temperature was then reduced to room temperature at a rate of 5 oC 
min-1. 
 
5.2.3 Impregnation of catalyst into YSZ hollow fibre 
The preparation of the 10wt%NiO/MgO-CeO2 catalyst was similar to the procedure 
discussed in Chapter 3, Section 3.2.3. 2.48 g Ni(NO3)2·6H2O, 9.21 g Ce(NO3)3·6H2O, 
5.44 g Mg(NO3)2·3H2O, 19.57 g citric acid and 7.59 g ethylene glycol were used to 
prepare the catalyst solution using the sol-gel Pechini method. The impregnation 
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procedure of the 10wt%NiO/MgO-CeO2 catalyst into YSZ hollow fibre was similar to 
that of alumina hollow fibres which can be found in Chapter 3, Section 3.2.3. The 
impregnation of the catalyst has been performed successfully using the sol-gel 
Pechini method and the results will be discussed in detail in Chapter 6. The YSZ 
hollow fibre before and after impregnating with the catalyst were characterised 
using the mercury porosimetry. 
 
5.2.4 Development of the multiple units of CHFMR and 
catalytic activity test 
Multiple units of CHFMR are rather easy to pack in a ceramic module. The procedure 
to impregnate the YSZ hollow fibre with catalyst solution can be found in Chapter 4, 
section 4.2.5. The amount of catalyst in every single unit of YSZ hollow was 
determined by measuring the weight before and after catalyst impregnation process. 
In the development of CHFMR, YSZ hollow fibre was not coated with a gas-tight layer 
of white glaze to preserve the mechanical strength of CHFMR. 
Prior to catalytic activity tests, the 10wt%Ni/MgO-CeO2 catalyst was reduced 
in situ using 30 cm3 min-1 of pure H2 at 400 
oC for an hour. The ethanol molar flow 
rate was kept constant at 6.24 × 10-5 mol min-1, with EtOH/H2O feed molar ratio of 
1/5. A gas carrier with flow rate of 56 cm3 min-1 was used to deliver an evaporated 
mixture into the fixed-bed and CHFMR. The amounts of catalyst in two, four and 
eight units of CHFMR were 5 mg, 12 mg and 18 mg, respectively. The reaction zone 
was approximately 10 cm in the centre of YSZ hollow fibre. The catalytic activity tests 
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of were carried out using the open-both-end configuration as shown in Chapter 3, 
Figure 3.3b. 
 
 
Figure 5.2: The catalytic activity set-up to test the catalytic activity of the 
10wt%NiO/MgO-CeO2 catalyst in the CHFMR and the fixed-bed reactor. 
 
Three different amounts of 10wt%Ni/MgO-CeO2 catalyst (5.7 mg, 13.5 mg 
and 100.0 mg) were used in the catalytic activity tests using the fixed-bed reactor. 
The catalyst was mixed with 1.5 g of 100 µm YSZ particles before being packed into a 
6 mm ID ceramic tube. The packed-bed length was approximately 30 mm and the 
pressure drop across the bed was negligible. The concentrations of the products 
were measured using a thermal conductive detector (TCD) gas chromatography 
(Varian-3900) and the product flow rates were measured using a bubble flow meter 
at ambient temperature and pressure. The schematic diagram for the operation of 
these reactors is shown in Figure 5.2. 
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5.2.5 Mathematical modelling and simulation 
Comparative studies have been carried out between catalysts in a fixed-bed reactor 
and impregnated in asymmetric ceramic hollow fibre and the results show that the 
latter gives higher production rates. Initially, the improvement in the catalytic 
activity of the catalyst is associated with the presence of conical microchannels in 
the finger-like structure. This structure has been predicted to facilitate the 
distribution of reactants on the surface of catalyst layers through the formation of 
vortices. This theory has been supported by permeation tests using asymmetric 
alumina hollow fibre at different pressures and temperatures as discussed in Chapter 
4. The permeation test shows that the higher the temperature, the lower the argon 
flow measured in the shell side. It has been expected that this result is related with 
the expanding gas volume, which reduce its permeability through constricted 
microchannels. Therefore, simulation studies have been carried out using the CFD to 
prove the existence of vortices in conical microchannels. Using this advance 
mathematical simulation, the influence of operating parameters on the distribution 
of reactants in conical microchannels can be predicted. 
A non-commercial simulation CFD-ANSYS was used to simulate the flow 
pattern inside a conical microchannel. For simplicity, the lumen with a conical 
microchannel was modelled as a three-dimensional system. The length of the lumen 
is 10 cm and the inner diameter of lumen is approximately 0.074 cm. The 
computational domain that represents the geometry of a conical microchannel on 
the lumen of hollow fibre is shown in Figure 5.3. In this study, the opening of finger-
like structure was set as 4 µm even though the data from mercury porosimetry 
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analysis shows that the sponge-like structure at the opening of conical microchannel 
has a pore size of 0.3 µm as can be seen from Figure 5.4. This consideration is made 
because the sponge-like structure at this region has been assumed to give negligible 
effect on the inflow of argon. This simulation study involves a single conical 
microchannel that is connected to the lumen although in the reality thousands of 
conical microchannels occupy in the inner surface of ceramic hollow fibre.  
 
 
Figure 5.3: The computational domains of the lumen of CHFMR with single conical 
microchannel. Embedded picture: The schematic diagram that represents the conical 
microchannel with d1 = 35 µm, d2 = 4 µm and l = 158 µm. 
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Figure 5.4: The mercury porosimetry for the YSZ hollow fibre after being 
impregnated with the 10wt%NiO/MgO-CeO2 catalyst. Embedded picture: The 
opening of conical microchannel in the YSZ hollow fibres. 
 
Table 5.1: The properties of argon in the CHFMR during the catalytic activity tests. 
Case 
Flow rate 
(cm3 min-1) 
Mass flow 
rate (g s-1) 
Density 
(g cm-3) 
Pressure 
(psia) 
Temperature 
(oC) 
Reynolds 
Nod 
1a 30.5 3.65 × 10–4 7.18 × 10–4 2.0 500 34 
2 28.0 3.35 × 10–4 7.18 × 10–4 2.0 500 28 
3 7.0 8.37 × 10–4 7.18 × 10–4 2.0 500 7 
4b 30.5 4.53 × 10–4 8.90 × 10–4 2.0 350 38 
5 28.0 4.16 × 10–4 8.90 × 10–4 2.0 350 35 
6 7.0 1.04 × 10–4 8.90 × 10–4 2.0 350 9 
7c 30.5 5.38 × 10–4 1.06 × 10–3 10.0 500 46 
a-b The operating conditions in the catalytic hollow fibre membrane microreactor 
discussed in Chapter 6. 
c The expected properties when the pressure of the lumen is increased to 10.0 psi. 
d Calculated using the CFD 
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In the simulation study using CFD, the inlet plane requires specification of 
static pressure and temperature. At the domain outlet, the mass flow rate is 
specified. The combinations of inlet static pressure, temperature and mass flow rate 
specified as the boundary condition for each case are summarized in Table 5.1. 
Argon is used for studying the vortex formation because it has been used as carrier 
in the CHFMR during the ESR. The densities of argon were calculated firstly at 
different temperatures and pressures using the ideal gas law. The mass flow rates 
were then calculated based on the volume flow rate of argon at different 
temperatures and pressures. The flow of argon is introduced in the one end of 
ceramic hollow fibre in accordance with the open-both-end configuration as 
discussed in Chapter 3. Meshing of the domain was carried out using commercial 
software, namely Ansys ICEM CFD. The domain consists of approximately 1,233,428 
units of hexahedral mesh elements. The simulation is based on the assumption that 
the flow is purely laminar. This assumption is justifiable by relatively low Reynolds 
number for each domain. The simulation was considered to converge when the 
residuals of all governing equations approached steady states. With the converge 
criteria, the results reported in this study have residual smaller than 0.0001. The 
completed simulations were than processed using CFX Post feature in Ansys CFX. 
During post-processing, the velocity contour of fluid passing through the conical 
microchannel has been plotted in order to visualize the flow field inside. 
The equations used for the simulation of the flow field are the continuity and 
the Navier-Stokes equation as shown in the Equations 5.1 and 5.2 respectively. 
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In the above equation, ν is the bluk flow velocity, ρ is the density of the fluid p is 
pressure of the system, g is gravitational direction, µ is the viscosity of the fluid and u 
is velocity components in different directions. The boundary conditions used for the 
Navier-Stokes equation are no slip for tangential velocity component and zero 
normal component along the solid impermeable walls. The condition chosen for 
velocity at the inlets is mass inflow so that only the component in the direction of 
bulk flow exists and the other components are zero. 
 
5.3 Results and Discussion 
5.3.1 Cross-section of YSZ hollow fibre 
Alumina hollow fibre has been used as a ceramic substrate for the WGS 
reaction, discussed in detail in Chapters 3 and 4. Although this ceramic substrate 
offers a higher catalyst loading compared with the YSZ hollow fibres, it has been 
avoided in the application that involves the ESR. In the literature study, the use of 
alumina as a catalyst support for the ESR causes the formation of coke due to its 
acidic sites which can lead to the deactivation of catalyst. Coke can be formed either 
from the dehydration of ethanol or from the polymerisation of ethylene, both of 
which occur when alumina is used as an oxide support. Although alumina hollow 
fibre substrates have been sintered at high temperature, the presence of acidic sites 
on their surface cannot be eliminated completely. Therefore, the YSZ hollow fibre is 
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chosen as a ceramic substrate for the ESR instead of alumina hollow fibre to rule out 
the possibility of coke formation. 
The YSZ hollow fibres, with 0.1 cm OD and 10 cm length, has been used in the 
development of CHFMR for the ESR reaction, as shown in the photographic image of 
Figure 5.5a. The structure and morphology of the cross-section of the YSZ hollow 
fibres were studied using SEM, as shown in Figure 5.5b. As can be seen, the cross-
section of the YSZ hollow fibres consists of 80 % large finger-like structure originated 
from inner region and the rest is occupied by the sponge-like region and small finger-
like structure originated from outer-region. The 80 % large finger-like region is made 
up of hundreds of conical microchannels which are distributed perpendicularly to the 
lumen of YSZ hollow fibre. The structural feature of the microchannels, truncated 
cone with a conical circular base between 10 to 40 μm and a total length of 160 μm 
provides high geometric surface area for catalyst impregnation and consequently 
enhances the catalytic activities of the 10wt%Ni/MgO-CeO2 catalyst.  
 
 
Figure 5.5: a) Photographic image of YSZ hollow fibres with 0.1 cm OD. b) The SEM 
image of the cross-section of YSZ hollow fibre sintered at 1300 oC. 
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The conical microchannel of the finger-like structure has a similar shape to 
the diverging micromixer studied by Fu and Pan [12]. The presence of diverging 
micromixers enhances the diffusion/mixing process between ethanol and water 
vapour due to the deceleration of liquid flow at the entrance of the finger-like 
structure. A sudden change of flow from high (in the lumen) to low (finger-like 
opening) flow rate contributes to strong deformation on liquid interfaces in the 
conical microchannel, which consequently improves the diffusion/mixing process 
[13]. 
As can be seen in Figure 5.5b, the outer layer of the YSZ hollow fibre consists 
of small finger-like regions and a sponge layer with a thickness ranging from 3 to 6 
µm. In the development of membrane microreactor, this sponge layer can be used as 
an exceptional substrate onto which Pd/Ag membrane can be deposited. However, 
in the application of CHFMR for on-board H2 generation, the thin-skin layer can be 
further densified, producing a gas-tight layer which eliminates the requirement of a 
high temperature sealant on the outer layer [14].  
 
5.3.2 Impregnation of catalyst in YSZ hollow fibre 
The mercury intrusion data for the YSZ hollow fibre before and after the catalyst 
impregnation process is shown in Figure 5.6. Different pore size distributions can be 
observed distinctly corresponding to the entrance of small finger-like 
structures/sponge-like region (Dp = 0.1 µm) and the opening of large finger-like 
structure (Dp = 0.3 µm). The pore size distribution in the small finger-like 
structures/sponge-like region and the opening of large finger-like structure 
157 
 
decreased from 0.12 to 0.07 µm and from 0.35 to 0.28 µm respectively when the 
impregnation of the 10wt%NiO/MgO-CeO2 catalyst is carried out using the sol-gel 
Pechini method. It is believed that the catalyst appears as distributed particles on the 
inner surface of YSZ hollow and it can reduce mass transfer resistance across the 
substrate, which can give an advantage to the ESR that is carried out in the CHFMR. 
The specific surface area of YSZ hollow fibre also increased from 0.57 to 1.40 
m2 g-1 after the catalyst impregnation process. Although this value is rather small, 
the presence of thin layer of 10wt%NiO/MgO-CeO2 catalyst prepared using the sol-
gel Pechini method can enhance the specific surface area of YSZ hollow fibre. This 
result is in agreement with the results obtained in Chapter 4. 
 
 
Figure 5.6: Mercury porosimetry of YSZ hollow before (■) and after (●) impregnated 
with 10wt%NiO/MgO-CeO2. 
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5.3.3 Catalytic activity tests in CHFMR and fixed-bed 
reactor 
The advantages of the CHFMR for the on-board hydrogen generation can be 
illustrated based on catalytic activity tests that have been carried out in the CHFMR 
and fixed-bed reactors shown in Figure 5.7. In this study, the flow rate of liquid 
reactants is kept constant at 0.01 cm3 min-1. Figure 5.7a shows that the H2 flow rate 
increases with the numbers of CHFMR that have been used for the ESR. The flow 
rates of H2 produced become significant above 450 
oC and the highest flow rate of H2 
produced using the ESR is approximately 8.9 cm3 min-1 at 510 oC when eight units of 
the CHFMR are used. An increase in the production of H2 is associated with an 
increase in the amount of 10wt%Ni/MgO-CeO2 catalyst involved in the ESR reaction 
due to an increase in the number of CHFMR. These findings are also in agreement 
with numerous studies which demonstrate that mixed oxides used for the ESR show 
their significant catalytic activities when the reaction temperature is above 400 oC. 
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Figure 5.7: H2 production rate as a function of reaction temperatures from the ESR 
reaction performed in a) the CHFMR. (■) two units, (●) four units and (▲) eight units 
of CHFMR, which contain 5 mg, 12 mg and 18 mg of the 10wt%NiO/MgO-CeO2 
catalyst, respectively. b) The fixed reactor with different amount of the 
10wt%NiO/MgO-CeO2 catalyst (■) 5.7 mg, (●) 13.5 mg and (▲) 100 mg.  
 
Figure 5.7b shows H2 flow rate when the ESR reaction is carried out in the 
fixed-bed reactors. An increase in the amount of catalyst ranging from 5 to 13 mg 
demonstrates an insignificant increase in the amount of H2 produced, which is 
different from its hollow fibre substrate counterpart. As the amount of catalyst is 
increased to 100 mg, the amount H2 produced increased significantly with reaction 
temperatures. Typically, a number of researchers study the catalytic activities of 
their novel catalysts using catalyst amounts up to 100 mg to obtain significant 
ethanol conversion and/or H2 production [9,15,16]. This study shows that H2 
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produced in eight units of CHFMRs, which has only 18 mg, is relatively similar to that 
produced in a fixed-bed reactor. It is interesting to note that the use of CHFMR 
enables effective utilisation of catalyst. The amount of catalyst in the CHFMR can be 
reduced up to five to six times compared with that of the fixed-bed reactor. 
Furthermore, a uniform distribution of the catalyst into the microchannels of the 
asymmetric YSZ hollow fibre increases the catalytic surface to volume ratio and 
improves the mass transfer and the mixing process of the reactants during the ESR 
reaction. 
 
 
Figure 5.8: The composition of products in the product streams of a) two units b) 
four units and c) eight units of CHFMR. (■) H2, (▲) CO2, (●) CO and (▼) CH4. 
 
The ESR that has been carried out in the CHFMR produced H2, CO, CO2 and 
CH4 and their final compositions are illustrated in Figure 5.8. In general, the product 
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streams in the CHFMRs mostly consist of H2 ranging from 73 to 83 mol% and trace of 
CH4 which less than 4 %. As can be seen, the presence of CO can be measured at all 
product flows of in the CHFMR. Using eight units of CHFMR, the product flow at 510 
oC has 72.9 % H2, 16.8 % CO2, 8.7 % CO and 1.6 % CH4. In the development of 
reformer for the PEMFC, the concentration of CO should be kept below 10 ppm so 
that the performance of the anode can be sustained for longer operating period [5]. 
Therefore, preferential oxidation (PROX) which can reduce the amount of CO should 
be performed after the ESR [5]. 
 
 
Figure 5.9: The relationship between H2 production rates with the number of CHFMR 
in a reactor module at different temperatures. (■) and (●) represent the flow rates of 
H2 at 410 
oC and 510 oC, respectively. 
 
Figure 5.9 shows a linear relationship between the amounts of H2 produced 
at 410 and 510 oC as the number of CHFMR is increased in a testing module. These 
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findings are in agreement with a general consensus which state that a hollow fibre 
configuration can be directly scaled-up to large production scales. From Figure 5.6, 
H2 is produced at a rate of 8.9 cm
3 min-1 at 510 oC when eight units of CHFMR are 
used for the ESR. According to Son et al., 888 cm3 min-1 of H2 is required to enable 
the PEMFC to produce 35 Watt of electricity which is sufficient for a laptop 
application [5]. Based on a direct scale-up, the total number of the CHFMR required 
for producing 888 cm3 min-1 of H2 is approximately 800 units, using 1.00 cm
3 min-1 of 
EtOH/H2O mixture with feed molar ratio of 1/5 as reactants. Based on these 
calculations and the diameter of single substrate, it can be estimated that a 2.9 cm × 
2.9 cm × 10 cm square module can be used to assemble 800 units of the CHFMR. 
In the development of powering devices for portable applications such as 
laptops, an operating temperature for a reformer should be lowered ranging from 
200 to 400 oC. The ESR reaction requires a slightly higher temperature for a complete 
conversion of ethanol and higher selectivity of H2. Continuous research on 
development of catalysts for the ESR reaction has been done by numerous 
researchers due to the advantages of ethanol over methanol as a fuel for most 
reformers in H2 production and it is likely that a low-temperature catalyst for the ESR 
reaction can be produced in the near future.  
 
5.3.4 Flow feature in conical microchannel 
 A simulation study using the CFD shows that the flow of vortices can be 
formed in the conical microchannel and it is influenced by the operating conditions 
used in the CHFMR as shown in Figure 5.10. The vortices occur due to the use of 
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argon as a reactant carrier and it is less viscous at high temperatures. It is expected 
that the presence of vortex flow can improve the distribution of reactant on the wall 
of conical microchannels. It may reduce the presence of no-slip boundary conditions 
which can improve the contact efficiency of catalyst and reactants. Furthermore, 
these vortices are expected to break the stagnant fluid on the microchannel wall and 
continue to enhance an exchange rate between the flow of fresh reactant and the 
products that have been formed. The formation of vortices in the conical 
microchannel may be initiated by the presence of a concave dome at the end of 
conical microchannel as shown in Figure 5.11a. The use of this structure to start out 
the formation of a vortex cell has been discussed by Baranov et al. who study the use 
of cylinder to create vortices in laminar flow [17]. As can be seen from Figure 5.11b, 
this geometry has been used to enlarge the vortex structure in the wake behind the 
cylinder [17]. 
 
 
Figure 5.10: The presence of vortices in conical microchannels when the operating 
condition is varied. The variables in every case can be obtained in Table 5.1. 
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Figure 5.11: a) The presence of concave dome is expected to initiate the formation 
of vortices in conical microchannels. b) The concave dome on cylinder has been 
reported to start out the formation of vortex cell which can reduce drag flow [17]. 
 
Figure 5.12 shows the effects of reaction temperatures on the flow pattern in 
conical microchannel at different flow rates of argon. These results suggest that the 
reaction temperatures can give significant effects on the formation of vortices in 
conical microchannels. Based on the results, it is expected that the vortices can be 
easily formed in a conical microchannel when the reaction temperature is increased 
from 350 to 500 oC. An increase in the reaction temperature leads to a reduction in 
the density of argon from 8.90 × 10–4 to 7.18 × 10–4 g cm-3 which can increase fluidity 
of argon flow in the conical microchannel. These results are in agreement with the 
plots of H2 production rate as shown in Figure 5.7a, which shows that a significant 
increase in H2 production can be obtained when the reaction temperature is 
increased to 500 oC.  
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Figure 5.12: The effect of reaction temperatures on the formation of vortices at 
different flow rate of argon a) 30.5 cm3 min-1, b) 28.0 cm3 min-1 and c) 7.0 cm3 min-1. 
 
Figure 5.12 also shows the flow pattern of argon in a conical microchannel as 
the flow rate of this gas carrier is increased from 7 to 31 cm3 min-1 at 350 oC and 500 
oC. For both temperatures, an increase in the flow rate of argon indicates a 
significant reduction in the flow at the entrance of the conical microchannel and it 
becomes apparent as the flow rate is increased to 31 cm3 min-1. This simulation 
results prove that the entrance of finger-like structure can lead to a reduction of 
argon flow as discussed previously. This can be an advantage for the mixing process 
because according to Mansur et al., a sudden change of flow rate can create 
disturbance in laminar flow thus improving the diffusion/mixing process [13]. 
However, the formation of vortex is less influenced by the change of argon flow rate. 
The vortex formation does not show any significant change when the flow rate is 
increased from 7 to 31 cm3 min-1 for both temperatures. 
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Figure 5.13: The effect of pressure on the formation of vortices. a) 2 psi and b) 10 
psi. 
 
In experimental works that have been discussed previously, the pressure 
difference across the CHFMR is approximately 2 psi and this condition has been 
assumed as negligible to the ESR. However, in this simulation study the CFD has been 
used to predict the effect of pressure on the flow pattern in the conical 
microchannel. Figure 5.13 shows an increase in the number of vortices when the 
feed pressure is increased from 2 to 10 psi. The result also shows that an increase in 
the lumen pressure results in an increase in the tangential velocity of vortices which 
is expected to enhance the mass transfer across the catalyst layer on conical 
microchannels. This result obtained using the CFD is in agreement with the 
experimental results obtained by Karagiannidis et al. and Gupta et al. who study the 
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combustion reaction of methane in catalytic reactors and the mechanism of air core 
and vortex formation in a hydroxylone [18,19]. High pressure in the lumen lead to 
significant pressure drop at the entrance of conical microchannels which enable the 
vortex flow to form easily. 
The results of CFD predicted that the vortices can be formed in the conical 
microchannel, which is expected to enhance the catalytic activities in CHFMR. As 
been discussed earlier, the vortex formation is initiated by the presence of the 80 % 
finger-like structure in the YSZ hollow fibre. Comparison study should be done to 
investigate the effect of finger-like length on the formation of vortex in the finger-
like structure to further justify this finding. Experimental study should be carried out 
firstly and a comparison study can be performed using the CFD analysis. 
 
5.4 Conclusions 
This study shows that an asymmetric yttria stabilised zirconia (YSZ) hollow fibre is an 
exceptional substrate to be used for the CHFMR in the development of on-board H2 
generation for portable device applications. The finger-like structure of YSZ hollow 
fibres can be regarded as hundreds of conical microchannels which increase the 
catalytic surface to volume ratio. The impregnation process leads to the formation of 
thin catalyst layer on the conical microchannel which causes a slight reduction in the 
diameter of micropores. The catalyst has an insignificant activity for temperature 
above 450 oC for both reactors. However, the results show that the amount of 
hydrogen produced in the CHFMR is higher than the fixed-bed reactor although the 
amount of catalyst used in the both reactor is approximately similar. The CHFMR 
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enables an excellent catalyst utilisation allowing a small quantity of catalyst to be 
used for the ESR. The CHFMR can be directly scaled-up to large production scales.  
The advantage of conical microchannel is shown using the simulation studies that 
predict vortices can occur in the conical microchannels. The results show an increase 
in temperature and/or pressure can multiply the number of vortices thus improving 
the mixing and distribution process.  
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Chapter 6: CHFMMR for vehicular 
applications 
Chapter 6 discusses the feasibility of yttria stabilised zirconia to be used as a 
substrate for the development of a catalytic hollow fibre membrane microreactor for 
vehicular applications 
 
Abstract 
This chapter describes the development of a novel catalytic hollow fibre membrane 
microreactor (CHFMMR) for hydrogen generation suitable for vehicular applications. 
Ethanol has been chosen as a liquid fuel that will provide hydrogen through the 
ethanol steam reforming (ESR). Yttria stabilised zirconia (YSZ) hollow fibres prepared 
using the phase inversion and sintering technique have been used as an exceptional 
substrate for the Pd/Ag membrane and the 10wt%NiO/MgO-CeO2 catalyst. The 
Pd/Ag membrane is plated on the outer surface of YSZ hollow fibre using the 
electroless plating (ELP) technique whereas the 10wt%NiO/MgO-CeO2 catalyst is 
impregnated into the finger-like structure of YSZ hollow fibre using the sol-gel 
Pechini method. Comparative studies using the ESR have been carried out between a 
fixed-bed reactor, the catalytic hollow fibre microreactor (CHFMR) and the CHFMMR 
at temperatures ranging from 350 to 550 oC. At 510 oC, the flow rate of hydrogen 
that is produced in the CHFMMR is three fold higher than in the fixed-bed reactor 
and two fold higher than in the CHFMR despite less amount of the catalyst is used in 
the CHFMMR. In the operation of the CHFMMR, high purity hydrogen has been 
obtained in the shell side, which is more than 53 % of the total hydrogen produced in 
the ESR. 
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6.1 Introduction 
Internal combustion engines which used gasoline as a fuel have been used 
widely in transportation application. However, due to depletion of fossil fuels and 
the uncontrollable release of greenhouse gas such as CO2, there is an increasing 
demand for renewable and environmentally friendly fuel. In this context, bio-ethanol 
is regarded as an alternative fuel to replace the gasoline to be used in the internal 
combustion engines. In comparison with fossil fuel, ethanol can be generated from 
renewable source and the release of carbon dioxide from this bio-fuel is less severe. 
According to a report prepared by Center for Transportation Research from United 
States Department of Energy, the release of carbon dioxide from ethanol will be 
compensated by the growth of plants/feedstock used in the production of ethanol 
[1]. Unlike fossil fuel, there will be a cycle of production and consumption of carbon 
dioxide if ethanol is consumed as a fuel.  
Although ethanol has been used in internal combustion engines, the 
performance of ethanol in this conventional technology is still lower compared with 
that of gasoline or even the fuel cells system [2]. As an alternative, ethanol can be 
used as hydrogen carrier for the on-board hydrogen generation in the transportation 
application. Various efforts have been made to develop a compact reformer that can 
produce hydrogen for the polymer electrolyte membrane fuel cell (PEMFC) for that 
application [3-5]. There have also been efforts to incorporate Pd membrane to the 
reformer which can be used as a separation unit to produce pure hydrogen from 
reactant stream [6,7]. The use of Pd membrane with the reformer is motivated by 
the fact that pure hydrogen can further increase the performance of fuel cell due to 
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the absence of CO2 in fuel stream. Chellapa et al. from MesoFuel, Inc developed 
MesoChannelTM membrane reformers that can use ethanol as the fuel to obtain pure 
hydrogen for the PEM fuel cells [6]. They have reported that the system can be 
operated under pressures ranging from 4 to 6 bar and at temperatures ranging from 
575 to 625 oC. The CO levels can be reduced down to 5 ppm, which enables the 
hydrogen stream to be connected directly to the PEM fuel cell. In more recent 
development of membrane reformer, Falco have developed a process scheme and 
carried out a modelling on a 4-tubes-and-shell membrane reactor using 2D 
mathematical model in production of hydrogen via ethanol steam reforming (ESR) 
for the PEM fuel cell [7]. The result of his simulation study is later validated by 
experimental data. Using Pd/Ag membrane fabricated on tubular tubes with 150 cm 
length and 6 cm outer diameter, the system enables to produce 64.7 NL min-1 of 
hydrogen which equal to 4 kW FC feedstock requirement. Hydrogen recovery of the 
system is 67 % of total H2 produced through the ESR. 
To develop a reformer that can be incorporated with Pd membrane used as a 
separation unit, which is robust at high temperature and shows infinite selectivity to 
hydrogen, an exceptional substrate design is required so that the reaction and 
separation units can be incorporated and shaped into a compact design. Asymmetric 
ceramic hollow fibre can be a very promising choice to be used as a substrate for this 
application. As discussed in Chapter 4, the catalytic hollow fibre membrane 
microreactor (CHFMMR) has been developed successfully using asymmetric alumina 
hollow fibre prepared by phase inversion technique followed by a sintering process 
at higher temperatures to produce hydrogen from the water-gas shift (WGS) 
reaction. This novel design integrates the WGS catalyst in conical microchannel and 
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the Pd membrane on the outer surface of alumina hollow fibre. The CHFMMR 
possesses advantages to be an on-board hydrogen generator for vehicular 
applications due to its compact feature and its ability to produce pure hydrogen for 
fuel cell system. 
In this study, asymmetric yttria stabilised zirconia (YSZ) hollow fibre has been 
used as a substrate for both 10wt%NiO/MgO-CeO2 and Pd/Ag membrane in the 
development of CHFMMR for on-board hydrogen generation using the ethanol 
steam reforming (ESR). This substrate is proposed for the development of on-board 
hydrogen generation due to its smaller diameter compared with alumina hollow 
fibre which offers a higher surface area/volume ratio. In addition, alumina hollow 
fibre substrates probably have acidic sites on their surface which can increase the 
possibility of coke formation as discussed in Chapter 5. Moreover, the incorporation 
of the ESR catalyst and hydrogen selective membrane into a single unit of YSZ hollow 
fibre also gives an advantage for the on-board hydrogen generation to be shaped 
into a more compact and efficient design suitable for vehicular applications. Figure 
6.1a shows a schematic diagram of single CHFMMR that consists of an YSZ hollow 
fibre in which the catalyst has been impregnated into the finger-like region and the 
Pd/Ag membrane has been plated on its outer surface. The Pd/Ag membrane which 
has high permeability and infinite selectivity to hydrogen enables the separation 
process to be carried out efficiently from the reaction zone to produce pure 
hydrogen in the shell side whereas CO2 will be left in the lumen as it is shown in 
Figure 6.1b. 
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a)
b)
 
Figure 6.1: a) Schematic representation of the CHFMMR for on-board high purity 
hydrogen production using the ESR reaction. b) The reactants enter the conical 
microchannels in which the ESR takes place. H2 will be separated using the Pd/Ag 
membrane while CO2 will be retained in the lumen. 
 
6.2 Experimental Works 
6.2.1 Materials 
Material information for the development of microreactor substrate and catalyst 
preparation can be found in Chapter 5, section 5.2.1. 
 The preparation of the Pd/Ag membranes requires ammonium 
tetrachloropalladate, (Pd(NH4)2Cl4, 99.99 %, Aldrich), tin chloride (SnCl2·2H2O, Fisher 
Sci. Ltd.), ethylenediaminetetraacetic acid (Na2EDTA·2H2O, Fisher Sci. Ltd.), 
hydrochloric acid (HCl, 37 %, Fisher Sci. Ltd.), hydrazine (N2H4, Fisher Sci. Ltd.), silver 
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nitrate (AgNO3, 99.99 %, Fisher Sci. Ltd.) and ammonium hydroxide (NH3·H2O, 28 %, 
Fisher Sci. Ltd.). 
 
6.2.2 Preparation of YSZ hollow fibre 
The detailed procedures and compound compositions for the fabrication of YSZ 
hollow fibres have been discussed in detail in Chapter 5, section 5.2.1. 
 
6.2.3 Preparation of Pd/Ag membrane  
The preparation of Pd/Ag membrane on the YSZ hollow fibre has been carried out 
using the information obtained by ex-member of our research group, Dr. 
Mohammed Irfan Hatim and his fundamental study in the fabrication process can be 
found elsewhere [8]. Pd/Ag membranes were plated onto the outer surface of YSZ 
hollow fibres using the electroless plating (ELP) technique. The activation process of 
YSZ hollow fibres is similar to that of alumina hollow fibres which can be found in 
Chapter 4, section 4.2.3. In the fabrication of Pd/Ag membrane, the plating process 
of Pd membrane on the YSZ hollow fibres was firstly carried out to obtain a total 
thickness of 4 μm. The Pd membrane obtained was directly washed and subjected to 
the activation process and this process was repeated for three times. The silver 
plating process was carried out using the ELP technique at 60 oC to obtain 1 μm-thick 
silver layer on the Pd membrane. The composition of plating bath is shown in Table 
6.1. 
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Table 6.1: The composition of plating bath of Pd/Ag membrane on YSZ hollow fibres 
using the ELP technique. 
Compounds Concentration 
Pd(NH3)4Cl2.H2O 4 g L
-1 
AgNO3 0.52 g L
-1 
Na.EDTA.2H2O 40.1 g L
-1 
NH4OH (28%) 198 ml L
-1 
N2H4 5.6 ml L
-1 
 
The Pd/Ag membranes were dried in an oven (Memmert) at 120 oC for 2 
hours prior to an annealing process in 30 cm3 min-1 of H2 at 400 
oC for 24 hours to 
enable the diffusion of silver in the palladium matrix after the plating process. The 
thickness of Pd/Ag membrane was measured using the SEM analysis. The 
permeation tests using pure H2 and argon were carried out to study the permeability 
of Pd/Ag membrane and to investigate its performance and the presence of pinhole 
structure on the surface of the membrane. 
 
6.2.4 Impregnation of catalyst into YSZ hollow fibre 
The preparation of the catalyst is similar to the procedures discussed in Chapter 5, 
Section 5.2.3 and its impregnation process has been discussed in detail in Chapter 3, 
section 3.2.3. 
 
6.2.5 Characterisations 
YSZ hollow fibres before and after impregnating with the 10wt%NiO/MgO-CeO2 
catalyst were characterized using BET surface area, scanning electron microscopy 
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analysis, energy dispersive X-ray spectroscopy and X-ray diffraction analysis. The 
detailed procedures have been discussed in detail in Chapter 3, Section 3.2.4. The 
permeation tests were carried out on the YSZ hollow fibre before and after 
impregnated with the 10wt.%NiO/MgO-CeO2. 
 
6.2.6 Development of CHFMMR and catalytic activity 
tests  
In the development of the CHFMMR, a single-step impregnation process has been 
used to impregnate the 10wt%NiO/MgO-CeO2 catalyst into the inner surface of YSZ 
hollow fibre. Similar to the procedure in Chapter 4, section 4.2.5, the impregnation 
of catalyst solution has been carried out after the fabrication of the Pd/Ag 
membrane to avoid the dissolution of nickel into the plating solution [9]. 
 Unlike alumina hollow fibres, YSZ hollow fibre was not coated with a thin and 
gas-tight layer of white glaze because this support is sensitive to the preparation of 
white glaze on the outer surface of YSZ hollow fibre. The Pd/Ag membrane was 
plated on the entire outer surface of YSZ hollow fibre using the ELP technique. 
Similar procedure, which can be found in Chapter 4 section 4.2.5, has been used to 
impregnate the catalyst in the inner surface of YSZ hollow fibre. Prior to the catalytic 
activity test, the catalyst was reduced using a mixture of H2 and argon at 400 
oC for 
an hour. Pure H2 has to be mixed with argon so that it can reach the catalyst in the 
finger-like structure effectively, otherwise H2 may escape at initial point of Pd/Ag 
membrane to the shell side due its higher permeability towards H2. 
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The performance of the CHFMMR was compared with that of the CHFMR and 
fixed-bed reactor. In the preparation of the CHFMR, two YSZ hollow fibres was 
impregnated with the 10wt%NiO/MgO-CeO2 catalyst and assembled into ceramic 
tube. In this study, the amount of catalyst in the YSZ hollow fibre were determined 
by measuring weight differences before and after impregnating with the catalyst. 
The total weight of the catalyst in both CHFMR was 5.01 mg. In the preparation of a 
fixed-bed reactor, 5.70 mg of 10wt%NiO/MgO-CeO2 catalyst was mixed with 1.5 g 
YSZ particle with particle size of approximately 100 µm. The mixture was then 
packed into a 6 mm ID ceramic tube to form 30 mm catalyst bed. The pressure drop 
across the bed was negligible. Prior to catalytic activity test, the reduction of the 
catalyst in the CHFMR and the fixed-bed reactor were carried out using pure H2 at 
400 oC for an hour. 
The catalytic activity tests in a fixed-bed reactor, the CHFMR and the 
CHFMMR were carried out under atmospheric pressure at temperatures ranging 
from 300 to 550 oC. The schematic diagram for the operation of these reactors can 
be found in Chapter 5, Section 5.2.4. In this study, a mixture of water and ethanol 
with a molar ratio of 5/1 was delivered to the reactor using the HPLC pump. The flow 
rate of this mixture was kept constant at 0.01 cm3 min-1 and the molar flow rate of 
ethanol was 6.24 × 10-5 mol min-1. The liquid reactants were delivered to the 
evaporator using a flow rate of argon. For the CHFMMR, 30 cm3 min-1 of argon was 
used as a reactant carrier into the reactor but for the CHFMR and the fixed-bed 
reactor, 56.10 cm3 min-1 of argon was used instead. The gas hourly space velocity 
(GHSV) for the fixed-bed reactor, the CHFMR and the CHFMMR were 590,000 cm3 g-1 
hr-1, 672,000 cm3 g-1 hr-1 and 720,000 cm3 g-1 hr-1. The concentration of the products 
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was measured using a TCD gas chromatography (Varian-3900) while the actual flow 
rate was measured using a bubble flow meter. 
In the operation of CHFMMR, H2 produced in the ESR would be separated 
using the Pd/Ag membrane on the outer surface of the CHFMMR. The removal of H2 
from the reaction zones was carried out using a counter-current flow of a sweep gas 
to create a concentration gradient across the Pd/Ag membrane. The H2 recovery 
index which represents the ability of Pd/Ag membranes to perform H2 permeation is 
defined as follows: 
H2 recovery index (%) %100Re
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6.3 Results and Discussion 
6.3.1 YSZ hollow fibre substrate 
 YSZ hollow fibre has been chosen as a substrate for the development of the 
CHFMMR for the ESR. It has been known that YSZ has high mechanical strength and 
competitive price compared with other ceramic material even though it has been 
mostly used in the electrochemical application such as the solid oxide fuel cell 
(SOFC), oxygen sensor and high temperature pH sensor [10]. In this study, the 
precursor of YSZ hollow fibre is sintered at 1300 oC, which is lower than the sintering 
temperature of alumina hollow fibres. Although high sintering temperatures enable 
densification of YSZ particles which result in an increase of mechanical strength, the 
sintering process is still carried out at lower temperatures due to various reasons.  
According to Wei et al, YSZ hollow fibres sintered at temperatures below 1400 oC is 
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likely to have a porous structure, which is necessary for the catalyst impregnation 
process [11]. In addition, low sintering temperatures preserve the hydroxyl group on 
a ceramic substrate which is necessary for the catalyst adhesion. The hydroxyl group 
on the surface of ceramic material will diminish when the sintering process is carried 
out at elevated temperatures. Typically, high sintering temperature is used to obtain 
a gas-tight layer on the outer surface suitable for the application of micro-tubular 
fuel cell [12]. This is not practical for the development of the CHFMMR, which 
requires a porous sponge-like region to enhance the diffusion of reaction products. 
As reported by Wei et al., the mechanical strength of YSZ hollow fibre sintered at 
1300 oC is 211 MPa, which is still higher than the alumina hollow fibre sintered at 
1450 oC [11].  
 
 
Figure 6.2: Images of the YSZ hollow fibres used to develop the CHFMMR. a) 
Photographic images of a set of bare YSZ hollow fibres prepared using the phase 
inversion based spinning technique followed by a sintering process. b-d) SEM images 
of the YSZ hollow fibre at different magnifications. 
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The outer diameter of the YSZ hollow fibre is approximately 1 mm which is 
smaller than alumina hollow fibres as shown in Figure 6.2. It is expected that a 
reduction in the outer diameter of YSZ hollow fibre is resulted from a high air-gap 
between the bottom of spinneret and the surface of coagulation bath during the 
spinning process. The high air-gap enables the YSZ precursor to be stretched due to 
gravity force as it is being formed. The structure and morphology of the cross-section 
of YSZ hollow fibre are studied using the SEM technique, as shown in Figures 6.2b-c. 
Similar to alumina hollow fibre that has been used for the WGS reaction, the cross-
section of YSZ hollow fibres consists of the finger-like structure, occupying 
approximately 80 % of the cross-section of YSZ hollow fibre. However the rest of the 
cross-section consists of a sponge-like region and small finger-like structure 
originated from outer surface. As discussed before, the presence of large voids in 
finger-like structure enables the 10wt%NiO/MgO-CeO2 catalyst to be distributed 
uniformly and enhance the efficiency of catalytic processes. The outer surface of the 
YSZ hollow fibre that consists of a thin-skin layer and a small finger-like region can be 
observed in Figure 6.2d. The thickness of the outer layer, which approximately 60 
µm, together with its small and narrow porous size distribution (Dp = 0.1 µm) enable 
this substrate to be used for the deposition of Pd/Ag membrane. In addition, the 
small finger-like region situated between the thin-skin layer and the large finger-like 
region enhances the diffusion of both reactants and products across the YSZ hollow 
fibre. 
 
183 
 
6.3.2 Deposition of Pd/Ag membrane on YSZ hollow 
fibre 
In the development of CHFMMR, the fabrication of Pd/Ag membrane is carried out 
prior to the impregnation of the 10wt%NiO/MgO-CeO2 catalyst. Although Nevskaya 
et al. state specifically that copper will dissolve in the ammonium hydroxide solution 
with the presence of EDTA, precaution has been taken to avoid the possibility of 
catalyst dissolution in the plating solution [9]. To obtain homogeneous Pd/Ag 
membrane, palladium is plated on the outer surface of YSZ hollow fibre followed by 
the deposition of thin silver layer on the outer surface of Pd membrane. The 
annealing process is carried out to facilitate the diffusion of silver in the matrix of Pd 
membrane to produce a robust Pd/Ag membrane.  
Figure 6.3a shows the Pd/Ag membrane on the outer surface of YSZ hollow 
fibre. The actual thickness of this membrane is approximately 5 µm and the red line 
on Figure 6.3a represents the actual top surface of the Pd/Ag membrane. The 
appearance of uneven surface on the Pd/Ag surface is illustrated using Figure 6.3b. It 
is expected that the deposition of Pd takes place initially on the seeded Pd nuclei and 
continues to grow as the plating process continues which contributes to the 
roughness surface of Pd/Ag membrane. 
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Figure 6.3: a) The Pd/Ag membrane on the outer surface of YSZ hollow fibre. b) The 
top surface of Pd/Ag membrane. 
 
The EDS analysis is used to characterise the Pd/Ag membrane on the outer 
surface of the CHFMMR. Figure 6.4a shows the SEM image of the edge of YSZ hollow 
fibre that consists of Pd/Ag membrane and the 10wt%NiO/MgO-CeO2 catalyst on its 
inner surface. This figure shows that the Pd/Ag membrane remains intact although it 
has been exposed to catalyst solution during the catalyst impregnation process. As 
Figure 6.4b shows a dense distribution of zirconium which represents the cross-
section of the YSZ hollow fibres, Figures 6.4c and 6.4d show the distribution of 
palladium and silver across the membrane respectively after an annealing process at 
400 oC for 24 hours in an H2 atmosphere. Homogeneous distributions of palladium 
and silver suggest that a uniform Pd/Ag alloy has been produced. It is interesting to 
note that the distribution of silver across this metallic membrane is less intense than 
its matrix due to the lower concentration of silver used during the plating process. 
Figure 6.4c and 6.4d also show that palladium and silver ions can also be found in the 
thin-skin layer of YSZ hollow fibre, suggest that during the deposition of the Pd/Ad 
membrane the activation and plating solutions can penetrate into the outer layer of 
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YSZ hollow fibre. The “Pd/Ag roots” formed during the plating process may improve 
the adhesion of the Pd/Ad membrane thus avoiding a delamination process at high 
temperatures. 
 
a b
10 μm
c d
 
Figure 6.4: a) The SEM image that shows the outer surface of the CHFMMR. The 
distribution of (b) zirconium which represents the YSZ hollow fibre and (c) palladium 
and (d) silver ions on the Pd/Ag membrane. 
 
Permeation tests have been carried out on the Pd/Ag membrane using pure 
H2 and argon gases to test the H2 permeability and H2/Ar selectivity before being 
used in the CHFMMR. Figure 6.5 shows the H2 permeation flux through the Pd/Ag 
membrane as a function of square root pressure difference estimated between shell 
and lumen side pressures. The graph shows that the permeation of H2 increases as 
186 
 
the temperature and/or the pressure in the lumen of YSZ hollow fibre is increased. 
The linear fit shows that H2 permeation through the Pd/Ag membrane follows the 
Sievert’s law. On the other hand, the flow of argon could not be measured at any 
testing conditions during permeation tests, which shows an infinite selectivity of the 
Pd/Ag membrane to H2. It can be concluded that the Pd/Ag membrane plated on the 
YSZ hollow fibre is absolutely dense and free from defects, which is in agreement 
with the result obtained in the SEM analysis shown in Figure 6.3. 
 
 
Figure 6.5: Fluxes of H2 through the Pd/Ag membrane as a function of the difference 
in square roots of the transmembrane pressure at different temperatures: (■) 300 
oC, (●) 350 oC, (▲) 400 oC and (▼) 450 oC. 
 
6.3.3 Impregnation of catalyst into YSZ hollow fibre 
The preparation of the 10wt%NiO/MgO-CeO2 catalyst and the impregnation process 
into YSZ hollow fibres have been carried out using the sol-gel Pechini method [13]. 
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The XRD analysis is used to study the presence of NiO in this catalyst. Figure 6.6a 
shows the XRD spectrum of fresh 10wt%NiO/MgO-CeO2 catalyst that has broad 
peaks which represents a low calcination temperature. This condition has been used 
to burn off organic compounds formed during the drying process and to facilitate an 
oxidation process. The XRD analysis is also carried out on the YSZ hollow fibre before 
and after impregnating with the catalyst. Figures 6.6b and 6.6c show high intensity 
peaks signifying the presence of large grain of YSZ particles due to the use of high 
sintering temperature during the preparation process. It can be deduced that the 
XRD analysis should not be used to examine the presence of the 10wt%NiO/MgO-
CeO2 catalyst due to high intensity peaks of YSZ hollow fibre may hinder the 
presence of NiO and CeO peaks. 
 
 
Figure 6.6: XRD spectrum of fresh 10wt%NiO/MgO-CeO2 catalyst prepared using the 
sol-gel Pechini method after a calcination process at 400 oC for 1 hour. The XRD 
spectra for the YSZ hollow fibre (b) before and (c) after impregnating with the 
catalyst. 
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Therefore, the distribution of the 10wt%NiO/MgO-CeO2 catalyst in the 
CHFMMR is examined using the SEM-EDS technique. This analysis has been carried 
out on a similar sample as shown in Figure 6.4 and the dispersions of cerium and 
nickel ions on the cross-section of YSZ hollow fibre is shown in Figure 6.7. These 
SEM-EDS images show a uniform distribution of cerium and nickel ions in the YSZ 
hollow fibre when the impregnation of the catalyst is carried out using the sol-gel 
Pechini method. This impregnation technique enables the catalyst to be dispersed 
uniformly even at the sponge-like region adjacent to the Pd/Ag membrane. It is 
expected that the catalyst solution can reach easily other parts of substrate cross-
section as well. The catalyst impregnation process starts from the lumen of the YSZ 
hollow fibre in which the catalyst solution can diffuse through the narrow opening of 
the conical micro-channels due to the capillary force and ended in the outer-layer, 
halted by the dense Pd/Ag membrane. 
 
 
Figure 6.7: The distribution of (a) cerium and (b) nickel on the cross-section of YSZ 
hollow fibre. 
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Permeation tests have been carried out using pure N2 on the YSZ hollow fibre 
before and after impregnated with the 10wt%NiO/MgO-CeO2 catalyst to study the 
effect of impregnation processes on the permeability of the YSZ hollow fibres and 
the results are shown in Figure 6.8. The permeation data shows that the flux of N2 
through the YSZ hollow fibre impregnated with catalyst is similar to that of a bare 
YSZ hollow fibre substrate. This result suggests that the presence of the catalyst has 
a negligible effect on the flux of the YSZ hollow fibre. This behaviour may be 
associated with low catalyst loading in the YSZ hollow fibres, which is only 1.3 ± 0.12 
%. Although the catalyst can reach the inner surface of YSZ hollow fibre effectively as 
shown in Figures 6.7a and 6.7b, the adhesion process is rather difficult due to the 
nature of this ceramic that has a limited hydroxyl group on its surface [10]. It is 
believed that the catalyst amount can be increased if the YSZ hollow fibre undergoes 
a pre-treatment using alkaline solution to restore the hydroxyl group on its surface 
[10,14]. An increase in the catalyst amount may not affect the flux of this substrate 
even after the catalyst impregnation process as long as the sol-gel Pechini method is 
used to disperse the catalyst in YSZ hollow fibres. The sol-gel Pechini method tends 
to produce loose catalyst particles which are unlikely to block the flow of reactants in 
narrow channels in the YSZ hollow fibres [13].  
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Figure 6.8: Fluxes of N2 through the YSZ hollow fibre as a function of the 
transmembrane pressure before (●) and after (■) the catalyst deposition process. 
 
6.3.4 Ethanol steam reforming in CHFMMR 
The performance of a single unit of the CHFMMR, which has 2.5 mg of 
10wt%NiO/MgO-CeO2, is tested and the results obtained are compared with the 
fixed-bed reactor and two units of the CHFMR that use 5.7 mg and 5.0 mg of 
10wt%NiO/MgO-CeO2 catalyst respectively. As can be seen from Figure 6.9a, the 
amount of H2 produced increased from 0.6 cm
3 min-1 at 350 oC to 3.9 cm3 min-1 at 
510 oC when the ESR is performed in the CHFMMR using a sweep flow rate of 60 cm3 
min-1 whereas H2 produced in the fixed-bed reactor and the CHFMR showed a slight 
increase from 0.2 to 1.0 cm3 min-1 and 0.1 to 2.0 cm3 min-1, respectively. The 
improvement in the production of H2 can be associated with the incorporation of 
Pd/Ag membrane adjacent to the conical microchannels in the finger-like structure. 
The Pd/Ag membrane that has high permeability and infinite selectivity to H2 enables 
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merely H2 to be separated from the reaction zone. The removal of the H2 from the 
reaction zone shifts thermodynamic equilibria for most intermediate reactions in the 
ESR towards product formation leading to a rapid ethanol conversion and enabling 
H2 with a high purity to be produced in the shell-side. 
  
 
Figure 6.9: a) H2 flow rate as a function of the reaction temperature obtained in (■) a 
fixed–bed reactor (GHSV = 590,000 cm3 g-1 hr-1), (●) CHFMR (GHSV = 672,000 cm3 g-1 
hr-1) and CHFMMR (GHSV = 720,000 cm3 g-1 hr-1) with a sweep gas of (▲) 20 cm3 
min-1 and (▼) 60 cm3 min-1. b) H2 recovery index as a function of the reaction 
temperature using a sweep gas of (■) 20 cm3 min-1 and (●) 60 cm3 min-1. 
 
The production rate of H2 increases slightly as the flow rate of the sweep gas 
was increased from 20 to 60 cm3 min-1 and this finding has been expected because 
high flow rate of the sweep gas facilitates the separation H2 from reaction zone by 
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maintaining a pressure difference across the Pd/Ag membrane. It is interesting to say 
that the amount of catalyst in the CHFMMR is two times lower than the fixed-bed 
reactor and the CHFMR but significant amount of H2 can be produced, which 
suggests that the incorporation of H2 selective membrane enables exceptional 
catalytic utilisation in the CHFMMR. Only a small amount of catalyst is needed to 
obtain a significant result and it is expected that the application of CHFMMR for a 
large production scale requires lesser amount of catalyst compared with 
conventional fixed-bed reactor and the dimension of a reactor module can be 
further reduced. 
The performance of the Pd/Ag membrane under reaction conditions is 
evaluated based on the H2 recovery index. Figure 6.9b shows the H2 recovery 
indexes, for both flow rates of sweep gas, decrease when the reaction temperature 
is increased from 350 to 550 oC. The recovery index decreases drastically from 98 to 
40% before fluctuated between 41 and 35 % as the sweep gas with a flow rate of 20 
cm3 min-1 is used. On the other hand, the recovery index decreased slightly from 71 
to 55 % when a sweep gas is increased to 60 cm3 min-1. A reduction trend in H2 
recovery index can be associated with an increasing amount of H2 produced with 
reaction temperatures. A sweep gas with flow rates ranging from 20 to 60 cm3 min-1 
fails to remove H2 completely from reaction zone especially at temperatures ranging 
from 450 to 550 oC. H2 is produced significantly at this temperature range due to an 
improvement in the catalytic activities of 10wt%NiO/MgO-CeO2 catalyst in the 
presence of conical microchannels in the YSZ hollow fibre. It is predicted that the 
recovery can be enhanced if the flow rate of a sweep gas is further increased. This 
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result also validates that the Pd/Ag membrane is stable under the reaction 
conditions showing high permeability and infinitive selectivity to H2. 
 
6.4 Conclusions 
The YSZ hollow fibre with an asymmetric pore structure has been used as a 
single substrate for both Pd/Ag membrane and the 10wt%NiO/MgO-CeO2 catalyst in 
the development of a novel CHFMMR. The CHFMMR can be used in the 
development of on-board hydrogen generation utilising ethanol as a fuel for 
vehicular applications. Free defect Pd/Ag membrane with a total thickness of 5.0 µm 
is plated on the outer layer of the YSZ hollow fibre using the ELP technique. A 
uniform Pd/Ag alloy is produced after an annealing process at 400 oC in a flow of 
pure H2 for 24 hours. The Pd/Ag membrane is stable under the reaction conditions 
showing high permeability and almost infinitive selectivity to H2. A thin layer of the 
catalyst with a high surface area is impregnated into the YSZ hollow fibres using the 
sol-gel Pechini method. The maximum amount of the catalyst impregnated into the 
YSZ hollow fibre is approximately 1.3 % when the drying process is carried out at 60 
oC. Although the catalyst can reach the inner surface of YSZ hollow fibre effectively, 
the adhesion process is quite problematic due to the nature of this ceramic that has 
a limited hydroxyl group on its surface. The flow rate of H2 produced in the ESR using 
the CHFMMR is higher than in the fixed-bed reactor and CHFMR despite less amount 
of the catalyst being used in the CHFMMR. The use of Pd/Ag membrane enables 
selective removal of H2 from the reaction zone, shifts the thermodynamic equilibria 
of intermediate reactions towards a product formation, leads to an increase in the 
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ethanol conversion and produces simultaneously H2 with high purity in the shell side 
of CHFMMR.  
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Chapter 7: Conclusions and Future 
Works 
Chapter 7 states general conclusions on the works that have been done in 
accordance with the objectives mentioned in Chapter 1. Recommendations have been 
suggested to improve specific area of these studies 
 
7.1 General Conclusions  
This thesis focuses on the development of catalytic hollow fibre microreactor 
(CHFMR) and catalytic hollow fibre membrane microreactor (CHFMMR) for hydrogen 
production using asymmetric ceramic hollow fibre substrates. It has been 
demonstrated that the substrate has a finger-like structure that consists of 
thousands of conical microchannels which can improve the diffusion/mixing process 
during catalytic reactions. This unique structure also enables incorporation of 
hydrogen selective membrane and a catalyst into a single unit of ceramic hollow 
fibre substrate. The results obtained from a series of experimental studies show that 
the CHFMR and CHFMMR enables a reduction in the amount of catalyst and an 
improvement in the catalytic activities. Moreover, the CHFMMR leads to a 
production of pure hydrogen on the shell-side. A small diameter of asymmetric 
hollow fibres results in a reduction of module size for scaling-up process for both 
systems. This can give a lot of advantages for hydrogen generation unit to be shaped 
into a compact design suitable for portable and stationary applications. 
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7.1.1 Ceramic hollow fibre membranes as microreactor 
substrates 
Asymmetric alumina hollow fibre has been used as a microreactor substrate for 
catalytic reactions. The sol-gel method has been regarded as one of the reliable 
techniques in producing catalysts and this study shows that this approach can also 
be used to disperse a catalyst on the inner surface of alumina hollow fibre. The 
catalyst amount obtained after this process is influenced by the surface chemistry of 
the substrate, which is directly affected by sintering process at high temperatures. 
The higher the sintering temperatures, the lower amount of catalyst can be obtained 
in the alumina hollow fibre, which can affect the catalytic activities in the channel of 
microreactor. The presence of conical microchannels in the finger-like structure 
enables an improvement in the catalytic activities which demonstrates a significant 
increase in the CO conversion of the WGS reaction. 
 
7.1.2 Development of CHFMMR for the WGS reaction 
The catalytic hollow fibre membrane microreactor (CHFMMR) that integrates 
hydrogen selective membrane and microreactor has been developed. Alumina 
hollow fibre can be used as a microreactor substrate and it is also has a thin layer 
with narrow pore size distribution which can be used as a support for Pd membrane. 
The plating process of Pd membrane must be carried out prior to the catalyst 
impregnation process that used the sol-gel Pechini method to avoid the dissolution 
of the WGS catalyst into plating solution. This dissolution process causes the catalyst 
to leave the conical microchannel leading to a reduction in the performance of 
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CHFMMR. This study concludes that the sol-gel Pechini method is an effective 
approach to disperse catalyst into the substrate in the presence of Pd membrane. 
The Pd membrane enables the separation of hydrogen from reaction zone thus 
increasing the CO conversion above thermodynamic equilibrium. The removal of 
hydrogen from reaction zone can be further enhanced by increasing the flow rate of 
sweep gas to maintain the concentration gradient across the membrane. This study 
also shows that defect-free Pd membrane plated using the electroless plating (ELP) 
technique can be used at high temperatures in long-term operation. 
 
7.1.3 CHFMR for hydrogen production via the ESR 
The CHFMR is assembled in a module to study the capability of this system in 
producing high flow rate of hydrogen that requires for portable device applications. 
The YSZ hollow fibre has been used for this application due to its smaller diameter 
which enables a compact reformer to be developed. A comparison study has been 
carried out between the CHFMR and fixed-bed reactors. The results show that high 
production rate of hydrogen can be obtained using the CHFMR although the amount 
of catalyst in this system is less than the fixed-bed reactor. The improvement in the 
catalytic activity of the catalyst impregnated in the YSZ hollow fibres has been 
demonstrated using a simulation study. The CFD predicts the vortices can be formed 
in the conical microchannel thus improving the distribution of reactants on catalyst 
surface. It is expected that the vortices are initiated due to the presence of concave 
dome at the end of conical microchannels and the intensity of vortex flow is 
influenced by the reaction temperature, pressure and flow rate of gas carrier. A 
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simple and compact geometry of microreformer for on-board application has been 
proposed for producing large amount of hydrogen for notebook computer 
application. 
 
7.1.4 Development of CHFMMR for hydrogen production 
via the ESR 
The novel concept of CHFMMR has been applied for the development of on-board 
hydrogen generation. YSZ hollow fibre with an asymmetric structure is chosen as a 
substrate for this application. The result shows the Pd/Ag membrane is unaffected 
by the catalyst impregnation process using the sol-gel Pechini method. This 
impregnation approach enables the ESR catalyst to be dispersed uniformly in the 
inner surface of YSZ hollow fibre. The catalytic activity tests demonstrate that higher 
amount of hydrogen can be obtained from the ESR using the CHFMMR compared 
with the fixed-bed reactor and CHFMR. The CHFMMR enables an increase in the 
hydrogen production, a reduction in the amount of catalyst to produce significant 
amount of hydrogen and a production of pure hydrogen in the shell-side of 
CHFMMR. 
 
7.2 Recommendation for Future Works 
7.2.1 Pd/Ag membrane prepared by cold rolling 
Pd and Pd/Ag membranes have been prepared using the ELP technique producing 
defect-free hydrogen selective membranes. Robust Pd membranes can also be 
obtained using the cold-mill technique which enables the membranes to be used 
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with a catalytic reaction to separate hydrogen from reaction zone for a long 
operating period [1,2]. An investigation on the suitability of this technique can be 
carried out to fabricate the Pd membrane on the outer surface of the ceramic hollow 
fibre. 
 
7.2.2 Alkaline pre-treatment  
The amount of catalyst can be increased as the sintering temperature is reduced. 
However, the sintering process must be performed at a specific temperature at 
which it has excellent mechanical properties as a microreactor substrate. The 
amount of catalyst in ceramic hollow fibre is influenced by the presence of surface 
hydroxyl group which can be restored by applying pre-treatment on the substrate. It 
has been proposed that a ceramic hollow fibre membrane that undergoes pre-
treatment using alkaline solution lead to an increase in the amount of surface 
hydroxyl group [3]. This approach can be used for this application especially on the 
YSZ hollow fibre which has poor catalyst loading impregnated using the sol-gel 
Pechini method. 
 
7.2.3 CHFMMR in stack 
Chapter 5 discuss the development of a stack for CHFMR to produce higher amount 
of hydrogen. The fabrication process that involves multi-step processes may slow the 
development of multiple units of CHFMMR. However, the performance of the 
multiple units of CHFMMR can be studied if the fabrication of Pd-based membranes 
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on the outer layer of ceramic hollow is simplified. Plating procedures that are simple 
and efficient should be explored so that the CHFMMR can be developed effectively. 
 
7.2.4 Durability studies 
Microreactor technology has been shown to improve the catalytic activities of 
catalysts. Using ceramic hollow fibre substrate that shows robustness at higher 
temperatures, a long-term operation study can be done to study the effect of conical 
microchannels on the stability of catalyst on its inner surface. The stability study of 
catalyst impregnated in the finger-like structure is crucial because the development 
of on-board hydrogen generation requires a system that can be used for a long 
period of time. 
 
7.2.5 Operating pressure 
Ceramic hollow fibre substrates have been showed to have qualities that are similar 
with a microreactor design. The simulation study that is carried out using the CFD in 
Chapter 5 predicts that pressure may enhance the distribution of reactant in conical 
microchannels. Experimental works should be carried out to prove the results 
obtained from the simulation study. The effect of pressure on the catalytic activity of 
catalyst impregnated in ceramic hollow fibres can be investigated using the WGS 
reaction because pressure has a negligible effect on this reaction.  
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Appendix 
Table A1 shows the length (L) and diameter (D) of fixed-bed and average particles 
size (Dp) in the preparation of fixed-bed reactor for this study. To achieve the 
condition of plug flow reaction, the ratio between L and Dp should ≥ 50 whereas the 
ratio between D and Dp should ≥ 30 [1].  
 
Table A1: The length and diameter of packed-bed and average particles size used in 
this study. 
Chapter 
Packed-bed 
length, L (mm) 
Packed-bed 
diameter, D (mm) 
Average particle 
size, Dp (mm) 
L/Dp 
(≥ 50) 
D/Dp 
(≥ 30) 
3 24 6 100 240 60 
4 24 6 100 240 60 
5 30 6 100 300 60 
6 30 6 100 300 60 
 
Figure A1 shows the theoretical hydrogen selectivity and the production rate of 
hydrogen for the ethanol steam reforming with increasing temperatures. The graph 
represents an increasing trend for both parameters when the reaction temperature 
is increased from 350 to 500 oC. The equilibrium data for this figure was obtained 
using ASPEN-Hysys simulation package and Gibbs free minimisation energy 
approach. 
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Figure A1: Theoretical hydrogen production for the ethanol steam reforming at 
different temperatures. (■) hydrogen selectivity and (●) flow rate of hydrogen. 
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